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ABSTRACT

The respiration rate has generated much interest as a means of monitoring and controlling the
activated sludge process because it is directly associated with both biomass growth and substrate
removal. Respirometry has long been recognized as a valuable tool for controlling the activated
sludge process, and as a result, many respirometry-based control strategies have been proposed in
the literature. However, few respirometry-based control strategies have ever been implemented in
practice or even tested rigorously through simulation. Proposed strategies are often theoretical
and do not describe realistic process implementations. This study has therefore developed a
benchmark and methodology for conducting simulation studies to test the proposed control

strategies within a complete and consistent set of process conditions.

The benchmark consists of a complete set of influent conditions, a standard activated sludge plant
configuration, models for the activated sludge process and the secondary clarification process, as
well as values for the model parameters and initial values for the state variables. The benchmark
provided the framework for the development of the simulation-based methodology. The
methodology uses the benchmark, and includes a set of guidelines for implementing a control
strategy in the benchmark plant and a set of tests for evaluating the performance and benefits of a

proposed control system.

The benchmark and methodology were then applied to test selected control strategies from the
literature. In examining the strategies, it was found that controller performance is greatly affected
by the high-frequency variations in the influent flow and pollutant concentrations, as well as the

multi-variable interactions occurring in an activated sludge plant.

The important recommendations of this study are to extend the methodology to include: 1) the
use of other activated sludge systems, such as a carbon and nutrient removal plant, for testing the
control strategies; 2) more quantitative measures of performance to enable comparisons of
different control strategies; and 3) the use of the benchmark and methodology as a tool for

distinguishing the potentially feasible strategies from the strategies that will potentially fail.
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GLOSSARY

Yield for autotrophic biomass
Yield for heterotrophic biomass
Fraction of biomass leading to particulate products
Influent flow distribution
Mass of nitrogen per mass of COD in biomass
Mass of nitrogen per mass of COD in products from biomass
Ammonification rate
Maximum specific hydrolysis rate
Proportional gain of a P, PI or PID controller
Oxygen mass transfer coefficient [d')
Autotrophic saturation coefficient for Sxy [g NH;. N m”
Nitrate half-saturation coefficient for denitrifying heterotrophic biomass
Oxygen half-saturation coetficient for autotrophic biomass
Oxygen half-saturation coefficient for heterotrophic biomass
Steady-state or process gain
AQutput
B Alnput
Heterotrophic saturation coefficient for Sg [¢ COD m™)
Half-saturation coefficient for hydrolysis of slowly biodegradable
substrate
Correction factor for 4y under anoxic conditions
Correction factor for hydrolysis under anoxic conditions
Flow rate of waste sludge (m3d!]
Flow rate of influent [m3d’)
Settling parameter associated with the hindered settling component of the
settling velocity equation (Takdcs et al., 1991) [m’ g
Settling parameter associated with the low concentration and slowly
settling component of the suspension (Tak4cs et al., 1991) m’ g
Respiration rate [g 0, m3h']

Actual respiration rate [20:m3h")



ITend
r rma.x
ITyp

T

Sxp
Svo

Swu

Ha
Hu

v

Endogenous respiration rate [g O m3h"]

Maximum respiration rate [g O: m3h']
Specific respiration rate [mg O,g" MLSS h''}
Respiration rate in tank i [g O» m3h']
Soluble inert organic matter [g COD m3]

Soluble biodegradable organic nitrogen [g N m3]

Nitrate and nitrite nitrogen [g Nm3]
NH’;+ NHj nitrogen [g N m3]
DO in the liquid phase [g (-COD) m3]
Readily biodegradable substrate [g COD m3]
Total suspended solids [¢ COD m3]
Integral time constant or reset time [days]
Derivative time constant [days]
Maximum theoretical settling velocity (md']
Settling velocity [md']

COD of effluent suspended solids [g COD m3]
Particulate inert organic matter [g COD m3]
Active autotrophic biomass [g¢ COD m3j
Active heterotrophic biomass [g COD m3]

Particulate products arising from biomass decay [g¢ COD m3]
Particulate biodegradable organic nitrogen [g Nm3)
Slowly biodegradable substrate [g COD m3]
Yield for autotrophic biomass

Yield for heterotrophic biomass

Time constant [days]
(characterises the speed of the response of the output variable to a change
in the input variable)

Dead time of a process [days]

(time interval for which there is no

response in the input variable to a change in the output variable)
Maximum specific growth rate for autotrophic biomass

Maximum specific growth rate for heterotrophic biomass



Abbreviations
ASP

ASM

bCOD
C-removal
CcOoD

CSTR

DO
FB
FF
FiM
ISE

MLSS
N-removal

P controller
PI controller
PID controller
WWTP

Activated sludge plant

Activated sludge model

biodegradable chemical oxygen demand [g m3]
Carbon removal
Chemical oxygen demand [g m3)

Continuous stirred tank reactor

Dissolved oxygen concentration [g m3]
Feedback control configuration

Feedforward control configuration

Food-to-microorganism ratio

Integral squared error (a measure of the cumulative deviation of

the controlled variable from its set point)

Mixed liquor suspended solids [g m3]
Nitrogen removal

Proportional controller

Proportional-integral controller
Proportional-integral-derivative controller

Wastewater treatment plant

v



1 Introduction

Wastewater treatment plants (WWTP) are generally subject to large fluctuations in hydraulic and
organic loadings resulting from diurnal and seasonal variations in flows. The activated sludge
process is particularly sensitive to the variations in influent conditions. Consequently, control of
the activated sludge process is necessary to meet effluent quality standards and maintain low
operating costs.

Respirometry is the measurement and interpretati-on of the biological oxygen consumption rate
under well-defined experimental conditions (Spanjers e/ al.. 1998a). The respiration rate or
oxygen uptake rate is the amount of oxygen consumed by the biomass per uhit volume and time
to remove and degrade biodegradable waste. Respiration rate is usually measured with
respirometers. All respirometers are based on some technique for measuring the rate at which the
biomass takes up dissolved oxygen from the liquid. Present-day respirometers can provide

respiration rate measurements automatically and in real-time.

Since the respiration rate is directly associated with both biomass growth and substrate removal.
respirometry has generated much interest as a means of monitoring and controlling the activated
sludge process. Many respirometry-based control strategies have been proposed in literature but
few have been rigorously tested or verified. or let alone have been implemented in a large-scale
activated sludge plant. This is due to inadequate measurement techniques and lack of
understanding of the information content of respirometric data (Spanjers et al.. 1998a).
Furthermore, many of the control strategies are theoretical and do not provide adequate details on
process implementation. As a result. the feasibility and potential benefits of these strategies are

unknown.

Therefore, the {irst purpose of this study was to develop a simulation-based benchmark (Spanjers
el al., 1998a) and methodology for- testing respirometry-based control strategies within a
complete set of process conditions. The second purpose of this study was to apply the benchmark

and methodology to evaluate some control strategies from the literature.
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The benchmark is a simulation-based framework that provides a consistent set of conditions for
testing control strategies. It consists of a complete sct of influent conditions, a standard activated
sludge plant configuration, models for the activated sludge process and the secondary
clarification process, as well as values for the model parameters and initial values for the state

variables.

The benchmark provided the framework for the development of the simulation-based
methodology proposed in this study. The methodology employs the benchmark and provides a set
of steps for implementing a control strategy in a simulation-based setting and a set of tests for

examining the performance of a control strategy.

To provide some background information on respirometry-based control of the activated sludge
process, the discussion will begin with the fundamentals of respiration and modelling of the

respiration rate.

Following this, a literature review of the application of dynamic modelling and simulation to real-
world wastewater treatment plants will be presented. The review provides the rationale for the use
of well-accepted dynamic models to evaluate respirometry-based control strategies. Several
examples of control strategies proposed from literature are presented to show how the respiration

rate is employed as a control parameter in the activated sludge process.

A discussion of the benchmark will then be presented. This will follow with a description of the
simulation-based methodology for evaluating respirometry-based control strategies. Then. the
simulation of four respirometry-based control strategies from the literature will be described.
These strategies were selected for the following reasons:

« Each of the proposals is interesting and seems potentially valid.

 Each strategy shows variations on how the respiration rate can be used as a control parameter.
« Each strategy uses a different manipulated variable.

» The description of the control strategy is clear and understandable.

The methodology was applied to examine three of the four control strategies: Stephenson ef al.
(1981), Stephenson et al. (1983) and Sekine et al. (1988). A fourth strategy proposed by



Fujumoto et al. (1981) was also evaluated but application of the methodology was not necessary

as conclusions on the feasibility of the strategy were made from preliminary simulations.



2 Fundamentals of Respiration in the Activated Sludge Process

2.1 Biochemistry of Respiration

In biological wastewater treatment a variety of micro-organisms, principally bacteria, are used to
remove biodegradable substrate. A portion of the substrate is oxidised to provide energy, which is
subsequently used in cellular growth and reproduction. The remaining portion of the substrate is

converted into new cell mass.

Oxidation of the biodegradable substrate into energy by biomass is referred to as respiration.
More specifically, respiration is a metabolic process in which either organic or inorganic
compounds serve as electron donors and inorganic compounds such as 0., NO-~, NO;™. SO~
serve as the ultimate electron acceptors. If oxygen is the ultimate electron acceptor, the process is
known as aerobic respiration. The biomass convert energy of intermolecular bonds in the organic
substrate to the high-energy phosphate bonds of adenosine triphosphate (ATP). This encrgy is
then used to synthesize the various molecular components required for cell growth and
reproduction. ATP is generated as electrons removed from the substrate are transferred along the
electron transport chain from one metabolic carrier to the next. and ulLirﬁmcly to the terminal

electron acceptor - oxygen in the aerobic activated sludge process (Spanjers et «l.. 1998b).

Different types of bacteria use oxygen to consume various components of the wastewater.
Heterotrophic biomass oxidize carbonaceous substrate, nitrifying biomass oxidize ammonia
substrate, sulphur biomass oxidize hydrogen sulphide (or other reduced sulphur compounds). and
iron biomass oxidize inorganic ferrous iron. These oxidation processes all typically contribute to

the total respiration rate of the bacteria in the activated sludge process.

2.2 Modelling Respiration

The IAWQ Activated Sludge Model No.l (ASMI1) was employed in this study to perform

simulations. This model uses the death-regeneration approach (Henze er al., 1987) to model



respiration. In this approach, respiration is associated only with the aerobic growth of

heterotrophic biomass (X)) and nitrifying biomass (X,).

The main processes of heterotrophic growth and biodegradation described by the death-
regeneration model are shown in Figure 2.1. In this model, decaying biomass is splil into two
fractions: inert matter (Xp) and slowly biodegradable matter (Xs). The latter is subsequently
hydrolysed into readily biodegradable substrate (Ss). This model implies that even when all the
substrate origiﬁaling from the wastewater have been oxidizcd, oxygen consumption associated
with growth from substrate released from decay and hydrolysis still occur. The amount of new

biomass formed from the released substrate is always less than the amount of biomass lost.

Figure 2.1: Death-regeneration medel of biomass respiration (Spanjers et al.. 1998h)

The death-regeneration model also implies that in the absence of biodegradable matter from
external resources (e.g. wastewater), respiration will decrease until all the biomass have decayed.
In this situation, the respiration rate is referred to as endogenous respiration. The endogenous
respiration rate (rr.,) is defined as the oxygen consumption rate in the absence of substrate from
external sources. By this definition, endogenous respiration includes not only the decay and
growth of bacteria but also oxygen consumption by protozoa. This means that substrate is
oxidized only for energy generation to maintain the biomass in its current state. In other words,

no new net biomass is produced. Since the endogenous respiration rate is practically independent



of substrate concentration, it is indicative of the active biomass concentration (Spanjers et al.,
1998b).

When there is a continuous supply of biodegradable substrate, the result is a net growth of
biomass and an associated increase in respiration rate, which is higher than the endogenous
respiration rate. The respiration rate in this case is the actual respiration rate (rr,.,) and is a

function of the concentration of biodegradable matter in the aeration tank.

When the concentration of biodegradable matter is very high, biomass will grow at its maximum
rate and the respiration rate will be close to the maximum value. The respiration rate in this casc
is referred to as the maximum respiration rate (rr..). As with the endogenous respiration. the
maximum respiration rate is practically independent of substrate concentration and is therefore

indicative of the active biomass concentration.

The death-regeneration model of respiration rate. depicted in Figure 2.1. can be expressed

mathematically in terms of growth and decay:

=Y, T UuSs Xy + +.57-Y, V UpuSsu X4
Y, Ks+S§s Y, Kyy + Sy

=

Eq. 2.1

where Kyy  autotrophic saturation coefficient for Syy
Ks heterotrophic saturation coefficient for Sy
Swvir ammonium
Ss readily biodegradable substrate
X autotrophic biomass
Xu heterotrophic biomass
Y, yield autotrophic biomass
Yy yield heterotrophic biomass
Homa maximum specific growth rate autotrophic biomass

Hny  maximum specific growth rate heterotrophic biomass



The relationship in Equation 2.1 indicates that respiration rate is governed by the growth and
decay of both heterotrophs and nitrifiers. When substrate concentrations, comprising of readily
biodegradable substrate and ammonia nitrogen, are high the first and second terms of Eq. 2.1
approach saturation and the respiration rate accordingly approaches the maximum rate.
Conversely, when most of the substrate is oxidized, so that S, and Syy concentrations are very
low, a quasi steady-state situation occurs. In this situation, the respiration rate is endogenous and
is governed by the biomass concentration. According to the death-regencration model, the
substrate concentration will never be zero, even when external substrate is absent. because
substrate is regenerated from decay and subsequent hydrolysis (see Figure 2.1). It should be noted
that during endogenous respiration ammonium released from decay will only be partly oxidized
because the other part of it will be used for growth of biomass (Spanjers ef al., 1998b). Also note
that the description given in Eq. 2.1. heterotrophic growth is only associated with only onc

substrate. Ss.



3 Review of the Applications of Dynamic Modelling and Simulation to
Full-Scale Wastewater Treatment Plants

The advent of powerful, incxpensive computers and software applications have enabled
modelling and simulation of real-world wastewater treatment plants (WWTP) to be a valuable
and practical method of analysis and design. Many dynamic models for the wastewater treatment
process have been developed in recent years and have been shown to adequately represent lafgc-
scale plant operations. Practical applications of dynamic models have shown to be particularly
useful for investigating plant modifications and expansions, alternate operational strategies. and

control strategies for large-scale wastewater treatment systems.

A majority of the dynamic modelling and simulation studies documented in the literaturc have
been used to examine plant modifications and expansions. This was the case when Barnett and
Takdcs (1994) used a dynamic model of a large-scale WWTP to investigate the effects of
infiltration and high inflow on the plant. The simulation study showed how clarification capacity
could be increased to handle larger flows. Additional simulations showed how step feed operation
could be used to minimise upsets during high influent conditions, as well as an optimum strategy

for the use of step feed.

Takdcs er al. (1995) performed dynamic modelling and simulation studies to evaluate expansion
scenarios for several trcatment plants. Simulations were conducted to investigate the
implementation of nitrification in the Main WWTP in Toronto. For the Woodward Avenue
treatment plant in Hamilton, a calibrated model was used by Takdcs er al. (1995) to evaluate the
expansion of primary and final settling capacities. The model was also used to show that
nitrification can be greatly improved by reconfiguring the aeration tanks to achieve plug flow

conditions and by installing a fine pore aeration system to deliver the required oxygen transfer.

Coen et al. (1996) used a dynamic model of the Hoogstraten WWTP in Belgium to evaluate
several plant upgrades to increase the denitrification capacity. The upgrade scenarios that were
investigated include: a) creation of anoxic zones, b) implementation of step feeding, and ¢)

introduction of internal recirculation. By conducting dynamic simulations, they optimised



denitrification by creating additional anoxic zones at the head of the biological reactor during

weekend operations and bypassing the primary clarifier.

A dynamic model of the Derby Sewage treatment plant in the UK was cmployed by Crabtree er
al. (1996) to upgrade the plant and sewer system to better handle wet weather loadings. The
simulation study also identified key discharge points, prevalent pollutants, and areas most
affected by discharges.

Gargiin er al. (1996) developed a dynamic model of the Riva WWTP in Instanbul, Turkey to
examine if a step feed system would enable the plant to meet the total nitrogen effluent standard

of 10 mg N L™ for increased organic concentrations in the influent.

Leeuw er al. (1996) used dynamic modelling and simulation to evaluate various plant
modifications for the Friesland Waterboard Harlingen WWTP in The Netherlands. The plant
could not mect effluent standards for total nitrogen concentration because the low F/M ratio
prevented complete denitrification. Simulations with a calibrated model of the plant showed that
the following process modifications would enable the plant to meet effluent standards: a)
mechanical mixing in all denitrification tanks: b) automatic oxygen control in all nitrification

tanks; ¢) rearranging the nitrification and denitrification tanks: and d) higher recirculation rate.

A calibrated model of a municipal WWTP in North-Rhine Westphalia was used by Sintic er al.
(1998) 10 assess if proposed plant expansions have the capacity to meet tuture efflucnt
requirements. Simulations showed that the expansions would enable the plant to meet effluent

requirements for ammonia and total nitrogen.

Dynamic modelling and simulation has also been a useful tool for examining operational
strategies for large-scale wastewater treatment plants. Takdcs er al. (1993) used a calibrated
dynamic model of the Gold Bar WWTP to identify effective operational strategies. The
simulation study found that the following strategies would improve plant performance: a)
decrease the SRT of the plant to prevent settler overloading and delay plant expansion; b) take off
service two aeration tanks and one clarifier to achieve energy savings without jeopardizing
process performance; and c) a bypass scheme to prevent operational upset during heavy storm

flow conditions.
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Barnett and Takdcs (1994) used a calibrated model of a large-scale WWTP to show that
considerable aeration costs could be realised with tighter control of the dissolved oxygen levels in
the plant. Takdcs et al. (1995) reported how the GPS-X simulator was installed in the Main
WWTP to determine the best operational strategies to use during emergency pump shutdowns

and construction periods.

Kurata er al. (1996) applied dynamic models of the Shinnanyo WWTP in Tokuyama Bay, Japan,
to improve biological phosphorous removal (BPR) at the plant. Low organic substrate
concentrations caused the plant to inefficiently remove phosphorous. Simulation studies
demonstrated that the efficiency of BPR could be improved by 90% by injecting primary sludge
into the activated sludge tanks and by decreasing the SRT of the plant. Full-scale experiments

verified that these relatively easy modifications improved BPR at the plant by 95%.

Funamizu and Takauwa (1994) investigated the effect of using the sewage system to transport
and melt snow on a municipal WWTP. Simulation studics showed that if a sewage system is to be
used for such purposes. the sludge treatment system must be enlarged. or a nitrifying-bacteria-

holding apparatus must be added to the aeration basins to maintain present treatment levels.

Jones er al. (1994) used dynamic modelling and simulation to assess the effect of various
operating configurations on such plant performance as overall plant VOC emissions. and the
ability of the system to attenuate sudden increases in substrate concentrations in the influent.
Simulations were also used to examine factors impacting the final settling tank performance and

options for improving performance.

Large-scale applications of dynamic modelling and simulation have also been used for designing.
evaluating and improving the operational control of treatment plants. One interesting study was
conducted by Takdcs er al. (1995) for the Coleshill WWTP in Birmingham, UK. A calibrated
model of the plant was linked with an on-line monitoring system available at the plant to improve

operational control of the plant.

Schilling et al. (1996) integrated calibrated models of the sewer system and the Klagshamn

WWTP in Malmé, Sweden to develop a real-time flow control system. The objective of the
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control system was to reduce pollutant discharges from both plant and combined sewer
overflows. The simulation study lead to a full-scale implementation of the flow control system for
the plant. The control system consisted of three control actions, which are sequentially invoked
depending on the flow rate: 1) use in-line storage capacity until storage capacity has exceeded; 2)

switch to a step feed operation; and 3) use by-pass operation as a last resort.

Coen et al. (1997) conducted simulations with a calibrated model of a municipal WWTP in
Belgium to design a proportional controller to regulate the methanol dosage rate. The plant
treated nitrogen-rich wastewater by an intensive nitrification-denitrification process. The control
of methanol dosing resulted in a 30 per cent reduction in methanol usage, which represented a
saving of about 50, 000 ECU per year. Simulatiuns were also employed to evaluate an alternative

carbon source for enhancing denitrification.

Other practical large-scale applications of dynamic modelling and simulation include the works
of Lin (1996), Luonsi and Halttunen (1997), and Schwarz et al. (1997). Lin (1996) developed a
heat transfer model to predict the water temperature of aeration tanks in biological wastewater
treatment plants. The various heat transfer mechanisms modelled include heat gained from solar
radiation and biochemical reactions. and heat lost from evaporation. aeration, wind blowing and
conduction through walls. Predicted and measured temperatures matched véry well at a chemical
fiber WWTP.

Luonsi and Halttunen (1997) calibrated a model of a full-scale Kraft pulp and paper mill to
predict the fate of dissolved organic matter (DOM). Prediction of the fate of DOM in the mill is
important in determining appropriate treatment methods. Simulations predicted that the fate of
DOM starts from the oxygen delignification process and ends at the chlorine dioxide bleaching

process. Results were within 10% of the DOM values measured in the mill.

Schwarz et al. (1997) developed a calibrated model of a fluidised bed reactor (FBR). Simulations
were conducted with the model to investigate the effects of scaling-up the FBR to an industrial-
sized reactor on the performance of anaerobic wastewater treatment. More specifically, the effects
of increased pressure, increased feed to recirculation ratio, and increased chemical oxygen

demand (COD) loading rate on pH-gradients were investigated.
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This review demonstrates that dynamic models can be a useful and valid tool for improving and
optimizing the performance of full-scale wastewater treatment plants. Dynamic modelling and
simulation have been used for a) evaluating plant designs, expansions and modifications; b)
assessing various operational strategies, and c) developing control strategies for wastewater

treatment plants.

The above practical applications of dynamic modelling and simulation are summarized in Table

3.1

Table 3.1: Applications of modelling and simulation to full-scale wastewater treatment
plants

Simul

Takéés etal.

Gold Bar

GPS-X

Assess plant capacity Modified ASM-1 (Henze
(1993) WWTP, etal, 1987) (Hydromantis
Edmonton, Identify effective Inc.)
Alberta, operational strategies Double exponential
Canada settler model (Takdcs et
al.. 1991
Barnett and Unspecitied Evaluate expansion ASM-1 GPS-X
Takdcs (1994)  large-scale alternatives and (Hydromantis
WWTP operational strategies Double exponential Inc.)
settler model
Funamizuand  Full-scale Investigate effect of ASM-1 Unspecitied

Takakuwa municipal using sewage system 1o
(1994) WWTP, transport and melt snow  Dupont and Henze
Sapporo on WWTP (1992)
Jones er al. WWTP at a Evaluate difterent ASM-1 GPS-X
(1994) petrochemical  operating strategies to (Hydromantis
plant, Ontario  optimize system Double exponential Inc.)
performance settler model
Takdcs er al. Coleshill Improve operational ASM-1 GPS-X
(1995) WWTP, control (Hydromantis
Birmingham, Double exponential Inc.)
U.K settler model
Takécs er al. Hamilton- Evaluating various plant  ASM-1 GPS-X
(1995) Woodward upgrade scenarios (Hydromantis
WWTP, Double exponential Inc.)
Hamilton settler model
Takdcs et al. Main reatment Improve daily operation ~ ASM-1 GPS-X
(1995) plant, Toronto  of the plant {Hydromantis
Dynamic fluid model Inc.)
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imulatio
Coen et al. Hoogstraten Upgrade and optimize ASM-1 West
(1996) WWTP, the plant for biological (Hemmis
Belgium nitrogen removal NV)
Crabiree eral.  Derby sewage  Upgrade plant to better FWR (1994) Unspecified
(1996) treatment handle wet weather
works, Derby,  loading
UK
Gorgiin er al. Riva WWTP,  Determine if proposed Orhon and Artan (1994)  Unspecified
(1996) Instanbul modification to a two-
stage step feed system
will enable plant to meet
elfluent standards
Kurata er al. Shinnanyo Retrofit the plant to ASM-2 Unspecilied
(1996) WWTP, improve biological
Tokuyama phosphorous removat
Bay. Japan. (BPR)
Leeuw er al. Friesland Evaluate various plant ASM-1 SIMBA
(1996) Waterboard modifications to enable (IFAK)
Harlingen plant to meet effluent
WWTP, The standards for total
Netherlands nitrogen concentration
Lin (1996) Chemical fiber - Heat transter model (Lin.  Unspecilied

WWTP

1996)

Schilling er al.
(1996)

Klagshamn
WWTP,
Malmd.
Sweden.

Develop a real- time
flow control system for
the plant

Dupont and Henze
(1992)

EFOR
(Dupont and
Henze. 1992)

MOQUSE-
PILOT (Bo-
Niclson et al..
1993)

Luonsi and Full-scale Determine appropriate Modified Procell model  Unspecitied
Halttunen Kraft pulp and  treatment methods for (Endat. 1994),
(1997) paper mill plant
Coen er al. Full-scale [mprove plant ASM-1 West
(1997) industrial performance by (Hemmis
WWTP, controlling the methanol  Double exponential NV)
Belgium dosage rate settler model
Schwarzeral.  Sugar plant, Effects of scaling-up a Schwarz et al. (1996) ACSL
(1997) Clauen fluidized bed reactor tfor
anaerobic wastewater
treatment
Sintic er al. Unspecified Determine if plant ASM-1 Unspecified
(1998) WWTP, expansion will enable
North-Rhine plant to meet both
Westphalia European and German

effluent regulations
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4 Examples of Respirometry-Based Control Strategies Proposed in
Literature

4.1 Summary of examples from literature

In the proposed strategies, respirometry-based control usually involves deducing information
about the process from respiration rate measurements in order to perform some control action. In
this case, the respiration rate is referred to as a measured variable. However, the respiration rate
can also be used as a controlled variable. This usually involves regulating the respiration rate at a

certain value by manipulating some input variable.

In discussing the various respirometry-based control strategies, a distinction must be made
between the operational objectives of a wastewater treatment plant and the control objectives of a
control system. The operational ubjective of a plant is to comply with effluent standards while
minimizing costs. To accomplish this, several operational objectives must be carried out. such as
maintaining the right biomass population. maintaining adequate aeration intensity. and ensuring
good setiling properties. Accordingly. these operational objectives can be accomplished by
specifying control objectives. such as. “keep the respiration rate at 22 ¢ m™ h'™". or “keep the
dissolved oxygen concentration at 2 ¢ m™. and/or “maintain a sludge retention time of 3 days™.
Control strategies are implemented to accomplish some control objective. Most of the control
strategies documented in literature are of this nature in that respirometric measurements are
employed to accomplish some control objective. The intention of the proposed strategies was that

in accomplishing the control objective. operational objectives of a plant should be met.

Of the respirometry-based control strategies compiled by Spanjers et al. (1998b), strategies using
the oxygen mass transfer rate (K.a). return activated sludge flow rate (Q,.s). waste sludge flow
rate (Quase). influent flow rate (Q..). and influent flow distribution (faw) are the most popular.
Examples of respirometry-based control strategies proposed in literature are provided in Table
4.1. These strategies are classified according to the manipulated variable that is used in the

control scheme.
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The respirometry-based control strategies shown in Table 4.1 demonstrate the various ways in
which the respiration rate is employed for controlling the activated sludge process. The strategy
proposed by Haarsma and Keesman (1995) uses the respiration rate in the aeration tank as an
indicator of changes in the influent loading. This respiration rate is used in a feedforward control
scheme to calculate the DO set point in the aeration tank. The new set point, along with the
respiration rate in the tank and other process parameters, are used to calculate the adjustment in
KLa required to maintain the DO concentration at the set point. This control scheme aims at

minimizing aeration costs by adjusting the aeration intensity according to the influent load.

Stenstrom and Andrews (1979) presented a strategy in which the specific respiration rate (rry) is
used as an indicator of the effluent biodegradable substrate concentration. By controlling rr,, at a
set point in the acration tank. the desired effluent quality may be maintained. The proposed
strategy involves a feedforward-feedback control scheme. In the feedforward component. the
desired MLVSS concentration (X,.,) is calculated based on the respiration rate in the aeration tank

(rr). the rr,, set point and the volume of the acration tank (V) as follows:

rr
Verr

sp setpoint

Xdrx =
Eq. 4.1

The feedback component involves manipulating Q. to maintain the rr, set point as follows:

1 e ;’ +FX

_ d des
Q’U-" - X[ - ths

Eq.4.2

The measurements required for calculating Q,,, include rr, influent flow rate (F), and the MLVSS

concentration in the aeration tank (X;).

Flanagan (1977) proposed another feedforward-feedback control scheme in which Q,, is

manipulated to maintain the food-to-microorganism ratio (F/M) within an acceptable range. The
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objective of the control strategy is to maintain the appropriate biomass concentration for the
influent load. The feedforward component involves adjusting Q,., to meet the F/M sct point. The
feedback controller adjusts the F/M set point for the feedforward controller by an amount
proportional to the difference between the respiration rate at the inlet and the respiration rate at

the outlet of the aeration tank.

Flanagan (1977) also proposed another feedforward-feedback control scheme in which the F/M
ratio is comrolied by mahipulating Q.asie The feedforward cémroller adjusts Q,.q (0 meet the
F/M set point, which is calculated by the feedback controller. The F/M set point is adjusted by an
amount proportional to the difference between the respiration rate at the inlet and the respiration

rale at the outlet of the aeration tank.

Brouwer er al. (1994) proposed a strategy in which Q. is used as a manipulated variable in a
feedback control scheme to maintain rr,., in the aeration tanks at a set point. The set points for
rra: are chosen according to the biodegradable loading rate into the plant. This strategy requires a

plant with storage capacity.

Kim er al. (1995) also proposed a control strategy in which Q... is used as a manipulated variable.
The strategy aims to balance the load into the plant by maintaining the total oxygen demand
(TOD) into the aeration tank at a set point through adjustments in Q... rr.. is used as an indicator

of the TOD loading rate in this proposal.

The strategy proposed by Vitasovic and Andrews (1989) involves a rule-based feedback
controller that attempts to minimize the variations of rr,, by manipulating fouw. In this strategy

rry is used as an indicator of biomass growth.

The remaining control strategies proposed by Fujimoto et al. (1981), Stephenson er al. (1981).
Sekine et al. (1988) and Stephenson er al. (1983) will be investigated in the following sections

using a simulation-based approach.



5 Methodology for Conducting Simulation Studies of Respirometry-
Based Control Strategies

5.1 Introduction

Many control strategies involving the respiration rate have been proposed in literature, but few
experimental or even simulation studies have been conducted to evaluate the feasibility or
benefits of these strategies. This is due to confusion arising partly from the lack of details
provided to implement these strategies in an activated sludge plant and partly due to the lack of
understanding of the different types of respiration rates that can be monitored. Therefore a
systematic simulation-based methodology for assessing respirometry-based control stratcgies
would support the evaluation of the control strategies by providing a consistent set of process

conditions.

A benchmark for testing respirometry-based control strategies was developed by the author along
with Dr. Henri Spanjers (Wageningen University). Dr. Peter Vanrolleghem and Henk Vanhooren
(University of Gent) and Dr. Gilles Patry (University of Ottawa). This work was published and
presented by Spanjers er al. (1998a). The benchmark provides the framework for conducting
simulation studies of respirometry-based control strategies. It consists of well-accepted process
models, a complete set of influent conditions. a standard activated sludge plant layout. values for

the model parameters. and initial values for the state variables.

The simulation-based methodology developed in this study was based on the benchmark. The
methodology consists of the benchmark, a set of steps for implementing a control strategy. and a

set of tests to evaluate the performance of a control system.

The different components of the benchmark and the methodology will be described in this
section. Discussions of the benchmark are based on the work of Spanjers er al. (1998a) and
Vanhooren and Nguyen (1996).



The benchmark and methodology was applied to conduct simulation studies of respirometry-
based control strategies proposed by Stephenson et al. (1981), Stephenson et al. (1983), and
Sekine er al. (1988). The strategy proposed by Fujimoto et al. (1981) was evaluated without the
need for the methodology.

5.2 The Benchmark (Spanjers et al., 1998a)

The benchmark is the framework of the simulation-based methodology. It consists of process
models for the activated sludge process and the secondary clarification process, a complete set of
influent conditions, a standard activated sludge plant configuration, values for the model
parameters and initial values for the state variables. The benchmark was developed with the
intention of being independent of simulation platform. It has proven to be a uscful simulation tool
and is currently being used by the European Cooperation in the field of Scientific and Technical
Research (COST) and the IAWQ Task Group on Respirometry in Control for testing control
strategies and process models. Details of the benchmark can also be found at the website.
www.ensic.u-nancy.fr/COSTWWTP.

The simulations in this work were performed with GPS-X (Hydromantis Inc.. Canada). GPS-X is

a modular multipurpose modelling system for the simulation of wastewater treatment plants.

Features of GPS-X (Hydromantis Inc.. Canada) that make it particularly suitable for conducting

simulation studies include:

« the ability to handle various plant layouts; and

» the capability to allow user-defined models and controllers to be incorporated with plant
models available in GPS-X. (Hydromantis Inc.. Canada).

The following components of the benchmark will be discussed in this section:

+ process models for the activated sludge process and the secondary clarification process;
« influent conditions for both dry and wet weather conditions;

« values for the kinetic and stoichiometric parameters of the activated sludge model;
 values for the settling parameters of the secondary clarification model;

« initial values for the state variables; and

+ astandard activated sludge plant design based on the benchmark influent conditions.
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5.2.1 Process Models

The benchmark uses well-accepted process models for both the activated sludge process and the
secondary clarification process. The activated sludge process is based on the IAWQ Activated
Sludge Model No. 1 (ASM1) (Henze et al., 1987) and the secondary clarification process is based
on the double exponential settling velocity model (Takics er al., 1991). A layout of the

benchmark activated sludge plant is depicted in Figure 5.1.

Step Feed Possibility

. Settler Effluent
Wastewater ]

Acration Tank | Acration Tank 2 Acration Tunk 3 aste

Activated
Recycle Activated Sludge Sludge

Figure 5.1: Layout of activated sludge plant

The IAWQ ASMI (Henze er al., 1987) was selected as the process model because it is widely
recognized as an appropriate and well-accepted representation of the activated sludge process.
Furthermore, it has been applied in numerous simulation studies and describes sufficiently the

respiration process of the activated sludge generally well.



The IAWQ ASMI (Henze er al., 1987) is based on a mechanistic interpretation of the behaviour
of the organisms governing the process reactions. It has been shown to give a reliable description
of the system response over wide ranges of system configuration (single and series rcactor
systems, aerated and non-aerated reactors, inter-reactor recycles), influent wastewater
characteristics (COD, TKN, flow pattern) and operational parameters (sludge age, temperature,
dissolved oxygen concentration) (Hydromantis, 1996). The IAWQ model can be applied directly
for the simulation of any of the following systems: carbon-removal, carbon-removal with

nitrification, and carbon and nitrogen removal.

The IAWQ ASMI (Henze et al., 1987) incorporates eight fundamental processes:

« aerobic growth of heterotrophic biomass;

« anoxic growth of heterotrophic biomass;

« aerobic growth of autotrophic biomass;

« decay of heterotrophic biomass;

« decay of autotrophic biomass;

« ammonification of soluble organic nitrogen:

+ hydrolysis of entrapped particulate organic matter: and

« hydrolysis of entrapped organic nitrogen.
The concentration of all organic components. including biomass. are in COD units. All nitrogen
species are expressed as nitrogen. The particulate components. also in COD units. must be

expressed in mass units (MLSS) for the clarifier model.

In the IAWQ ASMI1 (Henze er al., 1987), the organic matter in a wastewater is divided into two
categories: non-biodegradable and biodegradable matter. Non-biodegradable organic matter is
biologically inert and passes through an activated sludge system unchanged in form. The non-
biodegradable organic matter is further divided into soluble and particulate fractions. The
biodegradable organic matter is also divided into two fractions: readily biodegradable and slowly
biodegradable.

The nitrogenous matter in a wastewater is similarly divided into non-biodegradable and
biodegradable components. The particulate portion of the non-biodegradable fraction is

associated with the non-biodegradable particulate COD; the soluble portion is considered to be



negligibly small and is not incorporated into the model. The biodegradable nitrogenous matter is

divided into ammonia, soluble organic nitrogen and particulate organic nitrogen.

The IAWQ ASM! (Henze er al., 1987) is shown in Table 5.1. The fundamental processes of the
model are listed in the leftmost column of Table 5.1, while their rate expressions are listed in the
rightmost column. The components in the model are shown across the top and bottom of Table
5.1

The parameters of the IAWQ ASM 1 (Henze et al., 1987) are defined as follows:

Components:

S Soluble inert organic matter [e(COD)m™|
Ss Readily biodegradable substrate [g(COD)m™|
X Particulate inert organic matter [¢(COD)m™}
Xs Slowly biodegradable substrate [2(COD)m™|
Xen  Active heterotrophic biomass [2(COD)m™|
Xaga  Active autotrophic biomass [¢(COD)m™|
Xe Particulate products arising from biomass decay [2(COD)m™]
So Oxygen [2(COD)m?}
Svo Nitrate and nitrite nitrogen [e(N)m™]
Svu NH";and NH; nitrogen [e(NYm™]
Sso Soluble biodegradable organic nitrogen [e(N)m™]
Xvp  Particulate biodegradable organic nitrogen [e(N)m™}
Sace  Alkalinity [Molar units]

Stoichiometric Parameters:

Yy Heterotrophic yield

) Autotrophic yield

fr Fraction of biomass yielding particulate products
ixs Mass N / Mass COD in biomass

ixp Mass N / Mass COD in products from biomass

Kinetic Parameters:

Uy Specific growth rate of heterotrophic biomass
Ks Heterotrophic saturation coefficient for Ss
Koy  Oxygen half-saturation coefficient for heterotrophic biomass
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Nitrate half-saturation cocfficient for denitrifying heterotrophic biomass
Decay coefficient for heterotrophic biomass

Specific growth rate of autotrophic biomass

Autotrophic saturation coefficient for Sxy

Oxygen half-saturation coefficient for autotrophic biomass

Decay coefficient for autotrophic biomass

Correction factor for anoxic growth of heterotrophs

Ammonification rate

Maximum specific hydrolysis rate

Half-sawration coefficient for hydrolysis of slowly biodegradable substrate

Correction factor for 4 under anoxic conditions

The COD and suspended solids composite variables as well as the nitrogen composite variables
involved in the IAWQ ASM1 ASMI (Henze et al.. 1987) are described in Appendix A.l.

The kinetic and stoichiometric parameters of the [AWQ ASMI (Henze et al., 1987) used in this

study were selected by comparing default values from the IAWQ ASM1 (Henze et al., 1987) and

No.2 (Henze er al.. 1994), as well as from the simulators, GPS-X (Hydromantis Inc.. Canada) and
WEST (Hemmis NV, Belgium). The parameters for the IAWQ ASMI will be discussed further in

Section 5.2.3.
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Table 5.1: IAWQ ASM1 Model (Henze et al., 1987)
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The secondary clarifier process was modelled using the one-dimensional clarifier based on the
double exponential settling velocity (Takédcs er al., 1991). The settler model by Takics et al.
(1991) is divided into several layers (typically 10) and uses the traditional solids flux analysis
with a mass balance around each layer. The solids flux due to settling is characterized by the
double exponential function, which is able to represent both the hindered settling and flocculent

settling conditions. Thus the settling velocity model is shown by equation 5.1:

- -nX, - "
v, =v,e v,e

X,

Eq.5.1
where vy settling velocity in layer j [m d"']
v, maximum Vesilind settling velocity [m d"']
ry settling parameter associated with the hindered settling component of the settling
velocity equation [m’ g'']
X; Suspended solids concentration in layer j [g m~)

Xn»  minimum attainable suspended solids concentration [g m"}
X,' = j'xmin
rp settling parameter associated with the low concentration and slowly sctling

component of the suspension [m’ g'']

Settling parameters used in this study were obtained from the literature (Takdcs ef al.. 1991) and
experimental studies (Vanderhasselt, 1996). These parameters will be discussed further in Section

5.2.3. A diagram of the layered settler model is depicted in Figure 5.2.
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Figure 5.2: Layered Settler Model

where 0; = influent flow rate to the plant (m3d’")
0, = recycle and wastage flow rate (m3d™)
Xeguen = Suspended solids concentration in the effluent (g m* )
Xi = influent suspended solids concentration (g m? )
Xreevele = SUspended solids concentration in the recycle (g m”)
X, = suspended solids concentration in the first layer (g m™)

X = suspended solids concentration in the tenth layer (g m™)

Five different groups of layers are present in the model (Takdcs et al.. 1991). depending on their

relative position to the feed point. The solids balance around each type of layer is shown in Figure
53.
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Figure 5.3: Solids balance around settler layers

Surface area of the clarifier [m]

Downward solids flux due to the bulk movement of the liquid [g m™ d"']

Downward solids flux in layer j [g m™ d'']

Solids flux due to gravity settling [g m™ d’]

Upward solids flux due to the bulk movement of the liquid [g m™ d'']
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5.2.2 Influent Conditions

In the development of a benchmark for evaluating respirometry-based control strategics, a
realistic set of hydraulic and organic loads were generated for a standard activated sludge plant
designed to treat an average flow of 20,000 m3 d'. This set of influent data is published in the

following website: www.ensic.u-nancy.fr/fCOSTWWTP/Benchmark/Benchmark!.htm. [nfluent

loading conditions were developed for both dry weather and wet weather conditions.

The set of hydraulic and organic loading data were generated by modifying actual plant loading
data according to available knowledge of influent ioading from literature (Londong, 1994, Butler
et al., 1995, Verbanck. 1995, and Campos & von Sperling, 1996). The influent data is
characterized by diurnal variations and were developed for a loading period of one-week at 15-
minute intervals. Secasonal variations were not considered in this investigation because

respirometry-based controllers act on a time scale of at most a few days (Spanjers et al.. 1998a).

The plant influent was designed to have an average flow of 20.000 m? d"' and an average
biodegradable chemical oxygen demand (COD) of 300 g m”. Ss and Xs concentrations are
assumed to be the major components of the influent COD. The influent conditions are typical of a
population equivalent of 100,000. The influent data were developed for both dry and wet weather
flow conditions. Data for the two influent flow conditions include:

« hydraulic flow;

+ soluble COD concentrations;

+ soluble nitrogen concentrations;

+ particulate COD concentrations; and

« particulate nitrogen concentrations.

5.2.2.1 Influent conditions for dry weather conditions
Hydraulic influent flow

The hydraulic influent flow generated for the simulation-based methodology was obtained by
modifying actual hydraulic loading data from a large activated sludge plant. Characteristics of the

influent flow were based on an analysis of the work of Campos and von Sperling (1996), Butler et
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al. (1995), Verbanck (1995), and Londong (1994). Hydraulic loading conditions were developed

for a period of one week at 15-minute intervals.

The average flow for the large activated sludge plant was 74,619 m3 d”', with minimum and
maximum flows of 51,413 and 103,633 m3 d", respectively. Since the standard activated sludge
plant developed for the simulation-based methodology was designed to treat an average influent
flow of 20,000 m?® d"', with minimum a flow of 10,000 m3 d"' and a maximum flow of 30,000 m3
d*, the actual hydraulic flow data had to be scaled down. This was performed by a lincar

regression on the minimum and maximum flows.

The weekly fluctuations in the hydraulic loading of an activated sludge plant were based on the
work of Verbanck (1995). From Monday to Friday, the hydraulic loading was decreased by 3%
per day. The hydraulic loading during the weekend was reduced by 15% from the rate during the
weekday. Therefore the average flow rate during the weekend was reduced to 17,000 m3 d”', with
minimum and maximum flows of 10,625 to 23375 m3 d"' respectively. The resulting influcnt flow

used for the simulation benchmark is depicted in Figure 5.4.
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Figure 5.4: Hydraulic loading conditions during dry weather
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Verbanck (1995) also reported additional loading due to infiltration. Therefore, the average
hydraulic loading of 20,000 m3 d* into the benchmark plant is assumed to consist of 40% flow

from infiltration and 60% flow from domestic production.
Soluble pollutant loading (Ss, Sxu, Sxpy St)

The soluble components of the influent consist of Ss, Syy, Syp and S;. The diurnal fluctuations in

the intluent soluble substrate data are shown in Figure 5.5.
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Figure §.5: Soluble concentrations in the influent during dry weather flow

The daily concentrations of S, and Sy concentrations in the influent were derived from the work
of Butler et al. (1995). A dilution factor had to be applied to these influent concentrations because
the values reported by Butler et al. (1995) were obtained from domestic production and therefore
did not reflect the dilution that results from infiltration. The dilution factor (fui.,) that was

applied is expressed as follows:
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f _ med
dituion = L A
e Qprod + Qinf I

Eq.5.2

where Qs =domestic wastewater flow rate (m’ d*)

Qi  =infiliration flow rate (m® d™)

Values for the flow rate of domestic wastewater production were obtained from Butler et dl.
(1995), while the value for the infiltration flow rate was considered to be constant for the purpose
of this investigation. Again, it was assumed that 40% of the average influent flow is from
infiltration (Verbanck, 1995) that is,

Qinrl

prod + Qinl'l

0.4
Qinl’ 1= 63’ Qprod

=04.or

Eq.53

Where Qpos = average flow rate of domestic production

Furthermore, daily average influent concentrations were based on an analysis of the work of
Lessard and Beck (1990), the IAWQ ASM1 (Henze et al., 1987) and Stokes et al. (1993). The
average influent S5 concentration was estimated to be 80 ¢ COD m”, with minimum and
maximum values of 40 and 120 g COD m" respectively. The average influent concentration for
Syr was estimated to be 30 g N m”, with minimum and maximum values of 20 and 50 ¢ N m*
respectively. Since Butler er al. (1995) reported higher daily average concentrations for Ss and
Svi from domestic sources, these concentrations had to be scaled down to average values of 80
and 30 g COD m™ respectively. This was accomplished by performing a linear regression of the
Ss and Sy concentrations presented by Butler et al. (1995).

The Syp concentration in the influent was calculated by assuming the following ratio:
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3w g1
S
Eq. 5.4

S;in the influent was assumed to be constant at 30 g COD m™.
Particulate pollutant loading (Xs, X1, Xpy, Xnp)

The influent consists of the following particulate components: Xs, X, Xpy and Xyp. The daily total
suspended solids (SS) loading obtained from a large activated sludge plant was used to calculate
the influent particulate COD and nitrogen concentrations. From the work of Henze er al. (1987).
Lessard and Beck (1990), Metcalf & Eddy, Inc. (1991), Butler et al. (1995), and Campos and von
Sperling (1996), the design value for the average suspended solids concentration was assumed to
be 200 ¢ S§ m”, with minimum and maximum values of 100 and 3(0) g SS m”. respectively.
Since the average suspended solids concentration of the large plant was 125 g SS m”. with
minimum and maximum values of 103 and 145 g SS m” respectively. the plant data had to be

scaled down to design values. This was performed by a linear regression analysis.

It was assumed that the suspended solids concentration increases under high hydraulic loadings
because re-suspension of solids occurs during high flows (Verbanck. 1995). As a result the
influent suspended solids concentration follows the hydraulic loading variations that occur during
the week. Specifically, it was assumed that from Monday through to Friday, there is an
approximate 3% decrease per day in loading, and on the weekends the loading is reduced by 15%
(Verbanck, 1995).

A diagram showing the suspended solids (i.e., X, Xz Xs and Xup) loading for one week are
shown on Figure 5.6. In this approach, the inert particulate material from cell decay (X)), is added
to X;. There was no information available on the active autotrophic biomass (Xz4) concentrations

in the influent. Therefore Xz, was not considered to be a component of the influent.
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Figure 5.6: Particulate concentrations in the influent during dry weather conditions

The particulate COD (pCOD) in the influent wastewater is composed of Xs.. Xay, and X,.

The following ratio of pCOD to S§ was used to calculate the pCOD of the influent:

pCoOD —1.33
SS
Eq.5.5

The pCOD 1o volatile suspended solids (VSS) ratio has been found to be relatively consistent for
domestic wastewaters and may be taken as 1.48 (Schroeter et al., 1984). It was assumied that
during low flow conditions. 90% of the total suspended solids are volatile. Therefore, a pCOD/SS
ratio of 1.33 can be used.



To take into account the variation of total suspended solids to volatile suspended solids in the
influent, the non-volatile component of the influent suspended solids is assumed to be X;. while
the volatile components are Xs and Xpg. The X; component, which has in reality no COD, is given
a certain hypothetical COD value with this conversion. Furthermore, the X; fraction of pCOD is
not converted in the aeration tanks. Consequently by using the same pCOD/SS ratio to convert
pCOD to SS in the settler, the balances for COD and SS are consistent.

The fractions of X;, Xay, and X, making up the pCOD in the influent wastewater were calculated
as follows:

fo, = 01401527 e

Qmax min

fx,,, =(.10
fx, = 1‘f.\', - fx,,,

Eq. 5.6
where fu = fraction of X; in the pCOD of the influent wastewater
Sxan = fraction of Xgy in the pCOD of the influent wastewater
Sxs = fraction of Xs in the pCOD of the influent wastewater
0 = influent wastewater flow rate (m® d)
Quwn = minimum flow rate of influent wastewater (m* d'!)
QOwee = maximum flow rate of influent wastewater (m’ d™')

These fractions are based on the assumption that the VSS/SS ratio drops when flow increases.

which consequently increases the fraction of X; in the influent.

Therefore, the concentration of X5 at time t is:

X = fys - pCOD = f4s -1.33-SS

Eq. 5.7
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Xyp was calculated from the following ratio:

X, =005-SS

Eq.5.8

Please refer to Appendix A.2 for the constant influent data.

5.2.2.2 Influent conditions for wet weather conditions

The 7-day dry weather influent data discussed in the previous section were modified to include
plant loading during wet weather conditions. This was accomplished by including two rain events
occurring on Tuesday and Thursday. The hydraulic, suspended solids, BOD and ammonia
loading characteristics during wet weather conditions were obtained from an analysis of the work
of Gujer er al. (1986). Lessard and Beck (1990), Bertrand-Krajewski er al. (1995) and Roulcau
and Lessard (1996).

During the first rainfall event (occurring on Tuesday). the influent loading changes as follows:

« the influent flow increases up to 3 times the average dry weather flow;

« the particulate pollutant loading increases up to 4 times the average dry weather loading and
is only diluted in the second part of the rain event;

« the soluble pollutant loading is diluted to as low as 15 % of the average dry weather

concentrations.

As for the second rainfall event (occurring on Thursday). the influent flow and soluble pollutant
loading are similar to that of Tuesday. However, the particulate loading during this event is
immediately decreased down to half the average dry weather loading because it is assumed that

the sewers have been washed out as a result of the first rain event.

The influent flow, soluble and particulate loading concentrations are depicted respectively in
Figures 5.7, 5.8 and 5.9.
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First rain event of the week
The first rain event starts on Tuesday evening at around 7:30 p.m. and lasts for 3 hours.
Hydraulic influent flow

In the Ist hour of the rain event, the flow increases to a maximum flow of 3 times the average dry
weather flow. That is, the flow increases from an average of 20000 m3 d' to 60000 m3 d"'. The
flow into the plant continues at 60000 m? d" for 1 hour. At the end of the second hour of the

storm. the influent flow takes one hour to decrease lincarly back to normal dry weather flow.
Soluble pollutant loading (Ss, Sxy, Sxps Si)

All soluble components of the influent are diluted during the rain event. The influent components
Ss. Svu. Sxp and S are diluted down to half of the average dry weather concentrations in the 1st
hour of the storm event. and continue to be diluted thereafier to 1S % of the average dry weather

concentrations. An exponential decrease in soluble concentrations was used in this case.

Take Syy for example, which has an average value of 30 g m” in dry weather conditions. was
dituted quickly (within one hour) to 15 g m*. In the fotlowing 2 hours. Sy is further diluted to a
concentration of 5 ¢ m”. Thereafter. Syy concentrations return to the dry weather levels. The Ss
and §; loading for Tuesday’s storm event were similarly calculated (average dry weather
concentrations are 80 and 30 g m’ respectively). Syp was then calculated from the Ss loading

during the storm event as 0.1 x Ss.

Particulate pollutant loading (Xs, X;, Xy, Xyp)

In the 1* hour of the storm event, the suspended solids loading to the plant increases up to 4 times
the average dry weather loading. After the 1* hour of the storm event. the loading decreases to
half of the average dry weather loading. The load then returns to normal dry weather levels after 3
hours of the storm event. The concentrations of the particulate components, X, Xay, Xs and Xxp.

were calculated from the suspended solids data using the same fractions as for dry weather
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conditions. This results in a relatively higher concentration of inerts due to re-suspension in the

sewer.
Second rain event of the week

The second rain event of the week occurred on Thursday, starting in the evening at 10:00 p.m.

and lasted for 15 hours. The rain event ended on Friday at 1:00 p.m.
Hydraulic loading

Similar to Tuesday’s storm event, the flow increased up to 3 times the average dry weather
loading (i.e. 60000 m3 d"') in the first hour of the storm event. Thereafter. the influent flow
remains at 60000 m3 d”' for 3 hours. In the last 11 hours of the storm event, the influent flow
gradually decreases to dry weather loading conditions. This gradual decrease was calculated by
superimposing the variations from the average dry weather flow of 20000 m3 d” onto the linear
decrease during the remaining 11 hours of the storm event. The result is that the loading
variations during these 11 hours of the storm event reflect the variations during the same time for

dry weather conditions.
Soluble pollutant loading (Ss, Sxu, Syp, S1)

The effect of the first 4 hours of Thursday's storm event on the soluble components of the
wastewater is very similar to that of Tuesday’s rain event. During the first hour, the components
are quickly diluted to half the average dry weather concentrations. Thereafter. the soluble
components continue to be diluted exponentially down to 15% of the average dry weather
concentrations for the next 3 hours. From the 5™ hour to the 15* hour of the rain event (i.e. end of
the rain event), the soluble component loading increases back to average dry weather
concentrations. The same calculations were used for the soluble COD and nitrogen concentrations

during the last 11 hours of the rain as that performed for the particulate concentrations.
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Particulate pollutant loading (Xs, X1, Xgu, Xnp)

Unlike Tuesday’s storm event, the particulate loading during the first hour of Thursday’s storm
event does not reach peak levels of 4 times the average dry weather loading. The reason is that it
is assumed that solids in the sewer have already been washed out from the storm event on
Tuesday. As a result the particulate loading during this storm event decreases to half of the
average dry weather loading (i.e. 85 g §§ m'3) in the first hour of the storm event. Thereafter, the
particulate conéentration remains at this concentration for 3 hours. In the fifth hour of the storm
event, the loading continually increases and reaches dry weather levels by the 15™ hour of the
storm. The particulate concentrations between the 5" and 15" hour of the rain event were
determined by calculating a weighted average of dry weather concentrations (Cj,) and the storm

weather concentrations (Ci,om) as follows:

C — (C storm Qtromr + Ca'w : Qd\r )

lot
Qior
Eq.5.9

where Q. = flow at time t during dry weather conditions

Cin = total particulate concentration (Xs. X;. Xgy. and Xyp) at time t during dry

weather conditions

Osorm = flow at time t due to rain water (storm flow)

Coorm = total particulate concentration at time t in the rain water

Ciar = total particulate concentration in the influent at time t. between the

5" and 15" hour of the storm event
Ot = total flow at time t

= Q:wrm + Qd\r

Values for O Quw. and Cy, were obtained from previous calculations. Q.. Was calculated as
Qror - Quw- Values for Cg,nn were calculated by performing a linear regression of Cy,m VErsus
Q.orm data at the beginning of the 5" hour and at the end of the 15™ hour of the rain event. The

value of Cypm at the 5™ hour was calculated by rearranging Eq. 5.9 as follows:
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_,(C;mr'czml-'czmr'(:mv)

storm Q‘lom
Eq.5.10
where Ouw  =60000 m3d*
Ceat ==85§;S'Sﬂf3
Qs = 16480 m3d*
Caw =199.83gSS m3
Qstorm = Q.o (of 5™ hour) - O, (of 5™ hour)
= 60000-16480
= 43520 m3 d*!
Therefore. using Eq. (5.10),
Citorm = 41.63 g SSm3

The values for Cyop and Quonm in the 15™ hour of the rain event are 2(X) ¢ 8§ m3 (i.c. the average
dry weather SS concentration) and 0 m3 d”', respectively. It is assumed that between the 5™ and
15" hour of the rain event, the particulate COD concentration increases as the storm flow
decreases. and that by the end of the rain event the concentration reaches 200 g SS m’3, which is

the same as the average dry weather concentration.

Once the linear regression was performed, particulate concentrations in the storm water may be
calculated. and used in Eq. 5.9 to calculate C,, values between the 5* and 15™ hour of the rain

event.
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5.2.3 Model Parameters

The simulation benchmark also includes a complete set of parameter values for the IAWQ ASM 1

(Henze et al.. 1987) and the double exponential settling velocity model (Takdcs er al.. 1991).

5.2.3.1 Stoichiometric and kinetic parameters of the activated sludge model

Stoichiometric and kinetic parameter values for the benchmark were selected by comparing
default values from the following sources:

« Acalibrated model from GPS-X

« A calibrated model from West

« [AWQ Activated Sludge Model No.l (ASM1)

« TAWQ Activated Sludge Model No. 2 (ASM2)



45

Values of the kinetic and stoichiometric parameters used in the simulations are indicated on the

far right column in Table 5.2. Temperature dependent parameters were adjusted to a valuc

corresponding to a temperature of 15 °C by using an approximated exponential relationship.

Table 5.2: Comparison of stoichiometric and kinetic parameters of the activated sludge

maodel
Parameter GPS-X' West® ASMI° ASM2’ | Value
Used
Heterotrophs i 3.2 24 3-6 3-6 4
K, 5 20 20 4-20 10
by’ 062 024  020- 0.2:04]0.3
0.62
M 0.37 04 04 0.6 0.5
n, 0.10 0.8 0.8 0.8
Hydrolysis ki 2.81 1.2 13 2.3 3.0
K.° 0.15 01  001- 0301 |0t
0.03
Ammonification |%, 0016  0.48 004 - 0.05
0.08
Autotrophs Ha 0.75 024 0.3-0.8 0.35-1 [0.5
Kyu 1.0 0.5 1.0 1.0 L0
ba 0.04 0.024 - 0.05- |0.05
0.15
Switching Kon 0.2 0.2 0.2 0.2 0.2

Functions
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Parameter Unit GPS-X' West ASMI' ASM2 [ Value
Used

Koa gm” 0.2 04 0.4 0.5 0.4
Ko gm’ 1.0 05 05 0.5 0.5
Stoichiometry’ | eCOD/gVSS - 1.48 - - - 1.48
gVSS/aSS - 0.75 - - - 0.9
¢COD/gSS - - .33 - - 1.33
Yy gCOD/gCOD  0.67 066 0.67 063 |0.67
Y, gCOD/gN 0.15 024 024 024 |0.24
ixa gN/eCOD 0.068 0086 0088 007 [0.08
ixp gN/eCOD 0.068 006 006 004 |0.06
I - 0.08 0.08 0.08 0.10 0.08

' Hydromantis Inc., Canada

* Hemmis NV, Belgium
* Henze et al. (1987)
* Henze et al. (1994)

Some modifications in the parameter values were made after the first few simulations:

The value of by was changed from 0.4 to 0.3 d”', and 7, was changed from 0.4 to (1.5. These

changes were made to ensure a sufficiently high biomass concentration in both the anoxic

and aerobic tanks in the N-removal system.

kn was changed from 2.0 to 3.0 d” and K, was changed from 0.2 to 0.1. These changes were

made to increase the rate of hydrolysis in the anoxic zone, which conscquently increases the

availability of readily biodegradable substrate to the heterotrophs.

T Note that 1.48 g2 COD/g VSS x 0.9 g VSS/g SS = 1.33 g COD/g SS
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5.2.3.2 Settling parameters

Settling parameters obtained for the benchmark were from Takdcs er al. (1991) for medium
loading and experimental evidence (Vanderhasselt, 1996). The values of the parameters uscd in

the simulations are presented in Table 5.3.

Table 5.3: Settling parameters used for the secondary clarifier model

Settling Parameter Definition Value Used
v, (md") maximum settling velocity 250.0
v, (mdt) maximum  Vesilind  settling 474.4008
velocity
ry(m3 g’ SS) hindered zone seutling parameter 0.000576
rp(m3 g §5) flocculent zone settling parameter 0.00286
Sns non-settable fraction 0.00228

5.2.4 Initial Values for State Variables

The benchmark also provides a set of initial values for the state variables belonging to the process

models. Steady state values are used as the initial values for the state variables.

The built-in steady state solver in GPS-X was used in this study to calculate the steady state
values for the state variables. The respirometry-based controllers were not turned on automatic
during the steady state analysis. The DO controllers were however turned on during this time.
Steady state values may also be obtained by conducting simulations with constant influent over

time until the plant reaches steady state.

Three activated sludge systems were designed (to be discussed in Section 5.3) for the benchmark:
carbon (C) removal, carbon removal and nitrification, and carbon and nitrogen (N) removal. The
benchmark provides three activated sludge designs to allow the flexibility to conduct simulation

studies with different plant configurations. This discussion will only present the initial state
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values for the C-removal system. I[nitial state values for the other two systems are presented in
Appendix A2.

5.24.1

Carbon removal system

Steady state initial conditions

Initial conditions for the operation of the aeration tanks are presented in Table 5.4. Initial

conditions for the settler are presented in Table 5.5.

Table 5.4: Initial values for the state variables in the three aeration tanks

Tank 1 Tunk 2 Tank 3
Sr (eCODm™) 30 30 30
Ss  (gCoDm™) 3.57182 1.61771 1.25408
X, (gCODm 804.535 804.532 804.537
Xs (gCODm”) 130.149 99.3409 77.191
Xsn (2CODm™) 2717.55 2731.63 2738.82
Xg. (2 COD m”) 1*10°¢ 1*10°¢ 1*10°
Xv (gCODmY) 166.479 168.119 169.76
Svo (2COD m) 1*10° 1*10° 1*10°
Svyw  (2COD m™) 38.8715 39.9461 40.6953
Svo (gCODm™) 1.83261 1.12487 0.8672
Xy  (2CODm?) 7.92373 6.33122 5.1647
Kia @M 197.748 99.9867 79.4245
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Table 5.5: Initial values for the settler state variables

State Variable Concentration (g COD m”)

S 30
Sk 1.25408
Svo 1*10°
Svn 40.6953
Snp 0.8672
Suspended solids:

Layer 1 27.0092
Layer 2 50.7963
Layer 3 119.765
Layer 4 524.818
Layer 5 524.818
Layer 6 524.818
Layer 7 524.818
Layer 8 524.818
Layer 9 1269.98

Layer 10 5526.57
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2.5 Activated Sludge Plant Design

In the development of the simulation benchmark, a standard activated sludge plant (ASP) was
designed for the benchmark influent conditions. The plant is designed for carbon and nitrogen
removal and treats a mean flow of 20,000 m® d” and a total biodegradable COD (Ss and X;) of
300 ¢ m” for a population equivalent of 100,000. The plant consists of three continuous stirred-
tank reactors (CSTRs) in series followed by a secondary circular settler. The standard plant
design allows influent to be distributed solely to the first compartment or by step feeding to each
of the three compartments. A diagram of the activated sludge plant is shown in Figure 5.10. The
dissolved oxygen (DO) concentration is automatically controlled in each tank. Once tuned. these
DO controllers are considered to be part of the plant layout. The settler has a surface arca of 800
m? and a depth of 3 m. Wastage occurs from the bottom of the settler. The design operating

temperature is 15 °C.



Step Feed Possibility

Settler Effluent

Wastewater

Acration Tank 1 Aeration Tank 2 Aeration Tank 3 aste

: Activated
Recycle Activated Sludge Sludge

Figure 5.10: Layout of simulated activated sludge plant

The plant configuration was chosen because it is commonly used in practice. it provides
flexibility for plant modifications or expansions. and it enables fast calculations during

simulations. For example, an anoxic zone and step feed can be easily integrated into the model.

The three CSTRs allow the flexibility to implement the following process configurations: C-
removal, C-removal and nitrification, and C- and N-removal. Design of the three systems initially
involved the use of biomass and volumetric loading rates from literature. Details of the initial
designs of the three activated sludge processes are provided in Appendix A.4. The design was
then refined through simulations to reflect more realistic operating conditions. The final
dimensions of the aeration tanks and settlers for the activated sludge systems are summarized in
Tables 5.6 and 5.7.
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5.2.5.1 Final Designs of the Activated Sludge Systems

After performing simulations with both constant and dynamic influent, the original designs of the
C-removal, C-removal and nitrification, and C- and N-removal systems were modified to reflect
more realistic operating conditions. The final designs for the C-removal and nitrification, and C-
and N-removal systems are presented in Appendix A.S. It must be noted that the benchmark
values, shown in Tables 5.6 and 5.7, can be used as initial values and only provide a framework
for starting the simulations. These values may be used when none are specified in the proposals.

and may be adjusted to obtain the appropriate operating conditions.

5.2.5.2 Carhon removal system

In the original design. the wastage rate was too high to maintain MLSS at a reasonable
concentration. Consequently, Qv had to be limited to 500 m’ d”'. To maintain the sludge age at

+ days. the total volume of the three aeration tanks had to be reduced to 3000 m”’.
An overview of the first approximation of the values of the state variables in the acration tanks

and the secondary settler are given in Tables 5.8 and 5.9. respectively. Thése initial values were

used to obtain precise initial values for the state variables in the benchmark.

Table 5.8: Approximate initial values for the state variables in the aeration tanks

State Variable Tank | Tank 2 Tank 3
S (eCODm> 30 30 30

S, (gCcobm® 10 5 2

X (gCODm® 900 900 900
X, (@CODm? 120 90 70
Xy (gCODm? 2500 2500 2500
Xaa (gCODm™ 30 30 30
So (gCODm? 0 0 0

Svu (gCODm? 30 30 30

Snp (gCobm™ 0 0 0
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State Variable Tunk 1 Tank 2 Tunk 3
Xvo (eCODmM™) 0 0 0
Ka (d" 160 90 90

Table 5.9: Approximate initial values of the state variables in the settler

State Variable Concentration (g
COD m™)

\Y; 30

S, 1

Svo 0

Sxn 30

Sxo 0

Suspended solids:

Layer 1 20

Layer 2 100

Layer 3 200

Layer 4 : 900

Layer 5 900

Layer 6 900

Layer 7 900)

Layer 8 900

Layer9 2000

Layer 10 5500

The value of the mean cell residence time of 4 days was a good choice. A value slightly higher

than 4 days caused significant nitrification to occur after 7 days.

The dissolved oxygen (DO) controllers maintained the DO concentration in each of the three
compartments at 2 g m” with the following values for the proportional-integral (PI) control
parameters:

Compartments 1 and 2:

K. = 30

T; 005d



Compartment 3:
K. = 20
T = 0.05d

where K. Proportional gain

T, Integral time constant



5.3 [Implementation of a Respirometry-Based Control Strategy

Many of the control strategies documented in the literature are theoretical and lack details on
controller design and implementation in a large-scale activated sludge plant. Therefore, to ensure
that the control strategies arc tested on an equal basis, there has to be a consistent set of
procedures to implement a control strategy. The following 6-step strategy was used to implement
a control strategy in the benchmark plant:

l.  Identify the objective of the respirometry-based control strategy.

2. Identify the input and output variables of the control system.

3. Identify the implied control configuration.

4. Determine the appropriate control algorithm.

5. Design/ tune the controller.

6. Determine the appropriate range of variation for the manipulated variable.

5.3.1 Identify the Objectives of the Respirometry-Based Control Strategy

In implementing the proposed control strategy for simulation. the objectives of the control
strategy must first be identified qualitatively. There are usually two levels to the control objective.
The first is the operational objective and the second is the controller objective. The controller
objective can be view as onc approach to achieving the operational objective. Application of

respirometry-based control is often apparent in the controller objective.

An example of an operational objective is to maintain the effluent BOD below 25 mg/L. The
associated controller objective would be for example to maintain the respiration rate at a set point
of 22 mg/L-h in the aeration tank. In maintaining the respiration rate at a set point, the conuoller
objective helps to ensure the operational objective by guaranteeing an active biomass activity in

the aeration tank for adequate degradation of the biodegradable waste.
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5.3.2 Identify Input and Output Variables of the Control System

Determining the output and input variables of the control system will facilitate identification of
the proposed control system. The control system involves the controller, process, and

instrumentation.

Output Variables

Output variables denote the effect of the process on the surroundings. Output variables are further
classified into measured output variables and unmeasured output variables. Measured variables
are known by directly measuring them, whereas unmeasured variables are not or cannot be
measured directly. A diagram of the output and input variables around a process is shown in

Figure 5.11.

External disturbances

Measured Unmeasured
—_—p ——
Manipulated = . — sasUre
mp — 3 Processing system | Measured
variables i outputs
—pf —

T

Unmeasured outputs

Figure 5.11: Input and output variables around a process

Controlled variables are measured output variables and should have a substantial effect on the

process performance.

The ability to deduce useful process data from respiration rate measurements makes the use of
respirometers in controlling wastewater treatment plants potentially beneficial. Spanjers et al.
(1998b) have documented the various parameters that may be deduced from respiration rate

measurements. These deduced parameters are shown in Table 5.10.



Table 5.10: Process Parameters Deduced from Respiration Rate Measurements (Spanjers et
al., 1998h)

Symbol Description

BOD,, Short-term BOD

%l Percentage inhibition

Gely %I of heterotrophs

%!, %I of autotrophs

Ky Nitrogen saturation coefficient

Fluct Actual respiration rate

Reop Specific carbonaceous respiration rate

ITopy Endogenous respiration rate

Ryt Maximum nitrification rate

Sa Concentration of volatile fatty acids (VFAs)
Svi Concentration of NH,;’

Ss Concentration of readily biodegradable substrate
Tte Time to endogenous

X Biomass concentrations

Ha Maximum autotrophic growth rate

It is sometimes difticult to identify what the actual controlled variable is in many of the
respirometry-based control proposals. Spanjers et al. (1998b) have compiled a list of variables
that have been proposed as controlled variables in the control of wastewater treatment plants. The

list is provided in Table 5.11.

Table 5.11: Proposed Controlled Variables (Spanjers et al., 1998h)

Symbol Description

B, Inhibitor loading rate
By Volumetric ioading rate
By Sludge loading rate

Gl Percentage inhibition

Tac Actual respiration rate




Symbol

Description

Reop
Fena
Ruvtt.max
Sa
Sxu
Svoz
Svo
So
Ss
SBH
e

X

Specific carbonaceous respiration rate
Endogenous respiration rate

Maximum nitrification rate

Concentration of volatile fatty acids (VFASs)
Concentration of NH;

NO, concentration

NO 5" concentration

Dissolved oxygen concentration
Concentration of readily biodegradable substrate
Sludge blanket height

Time to endogenous

Biomass concentrations

Sludge age

Input Variables

Input variables denote the effect of the surroundings on the process. Input variables may be

further classified into manipulated (or adjustable) variables and disturbances. Manipulated

variables must be external variables that can be adjusted independently by the human operator or

a control mechanism. Disturbances are inputs that change due to external conditions and atfect

the controlled variable. An example of a disturbance on a respiration-based controller in the

activated sludge plant could be the large fluctuations on the incoming biodegradable waste

concentration.

The various manipulated variables used in the proposed control strategies have been documented

from literature by Spanjers er al. (1998b) and are listed in Table 5.12.
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Table 5.12: Manipulated Variables Used in Proposed Respirometry-Based Control
Strategies for ASPs (Spanjers et al., 1998b)

Symbol

Description

Kia
Qctem
Quis
Qin
Oras
Qrec
Qn
Qstore
Quaste

Trecyclc

Mass transfer efficiency

Chemical dosage rate

[nfluent flow rate distribution

Influent flow rate

Return sludge flow rate

Nitrate recycle flow rate

Sludge treatment return liquor flow rate
Sludge storage rate

Sludge wastage flow rate

Cycle length in periodic process

53.3 Identify the Implied Control Configuration

A control configuration is the information structure that is used to connect the available

measurements to the available manipulated variables (Stephanopoulos. 1984). The objective of

this discussion is to provide a qualitative description of the different process control

configurations. In this way the reader will be able to identify the configuration of the proposed

respirometry-based control strategy and refer to the appropriate literature to implement a practical

design of the strategy into the benchmark activated sludge plant.

Feedbhack Control

The most widely used control configuration is the feedback control loop. The feedback control

configuration uses direct measurements of the controlled variables to adjust the values of the

manipulated variables. The objective is to keep the controlled variables at desired levels (i.e. set

points). A schematic of a general feedback system is provided in Figure 5.12.
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Figure 5.12: Schematic of feedback system (Marlin, 1995)

The feedback control loop cannot address all control requirements. Changing the process design

is the best approach for improving control performance. However. this approach may not be

possible or may not be the best economic decision. In this case. feedback control can be enhanced

through one or more of the following steps (Marlin, 1995):

l.  Use additional measures of process outputs.

(4

oW

Use additional measurements of the process inputs.

Use explicit modelling in the control calculation.

Modify the PID algorithm and tuning to match the control objective.

The control enhancements include cascade, feedforward, nonlinear process. inferential. and

predictive control. Regardless of the complexity of the enhancements, feedback control should

always be retained (when the sensor exists) so that negligible offset is achieved at steady state

(Marlin, 1995). Therefore in identifying the control configuration for the proposed strategy, the

reader should be aware that the feedback configuration is usually a fundamental component of

most control strategies. A summary of single-loop contral enhancements is provided in Table
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5.13 that may helpful to refer to when deciding on the control configuration of a respirometry-

based control strategy.

Table 5.13: Summary of single-loop control enhancements (Marlin, 1995)

Enhancement Keyissue New input New output Process Standard or New
meusure- measurement modeling Modified control
ment PID algorithm
Cascade control  Feedback X X
dynamics
Feedforward Feedback X X
control Dynamics

Cascade Control

Cascade control uses additional measurements of a process variable to assist in the feedback
control system. The selection of this extra measurement. which is based on information about the
most common disturbances and about the process dynamic responses. is critical to the success of
the cascade controller (Marlin. 1995). The configuration of a cascade control system is two
feedback loops in which the primary controller’s output serves as the secondary controller’s set

point. A schematic representation of a cascade system is illustrated in Figure 5.13.

Pruman loop
Secondary loop
dy dy
+ +
P b Second
— nm ey » econdary >

Setpount] controller controbler V| Proeessll + P Processt [ v
L
device
N
device

Figure 5.13: Schematic representation of cascade control (Stephanopoulos, 1984)
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Useful design criteria for cascade control are shown in Table 5.14.

Table 5.14: Cascade control design criteria (Marlin, 1995)

Cascade control is desired when:

1. Single-loop control does not provide satisfactory control performance.

2. A measured secondary variable is available.

A secondary variable must satisfy the following criteria:

1. The secondary variable must indicate the occurrence of an important disturbance.
2. There must be a causal relationship between the manipulated and secondary variables.

3. The secondary variable dynamics must be faster than the primary variable dynamics.

The cascade control design criteria outlined in Table 5.14 will assist the reader in determining if
the proposed control strategy involves a cascade configuration. The criteria for the secondary
variable specified in Table 5.14 will also assist the reader in evaluating the performance of a
cascade control system. Once the strategy has been identified as having a cascade configuration.
the reader may then refer to Marlin (1995) or Stephanopoulos (1984) on controller algorithm.

tuning. and implementation issues.

Feedforward Control

A feedforward control configuration uses measurements of an input disturbance to adjust the
values of the manipulated variables. The disturbance measurements are used as additional
information for enhancing single-loop feedback control performance. Feedforward is usually
combined with feedback so that the important features of feedback are retained in the overall

strategy. The structure of a feedforward control scheme is depicted in Figure 5.14.
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Figure 5.14: Schematic representation of feedforward control (Stephanopoulos, 1984)

A summary of design criteria for feedforward control is provided by Marlin (1995) and is
presented in Table 5.15. The design criteria will be useful in determining if the proposed control

strategy has a feedforward control configuration.

Table 5.15: Feedforward control design criteria (Marlin, 1995)

Feedforward control is desired when:

Feedback control does not provide satisfactory control performance.
A measured feedforward variable is available.

L.
2.
A feedforward variable must satisfy the following criteria:

—
.

The variable must indicate the occurrence of an important disturbance.

There must not be a causal relationship between the manipulated variable and the
feedforward variable.

3. The disturbance dynamics must not be significantly faster than the manipulated-output
variable dynamics (when feedback control is also present).

(B4

The third and fourth criteria are especially important because they provide clear distinctions

between variables used for feedforward and feedback control configurations.

The feedforward controller attains perfect control if (1) the models used are perfect. (2) the
measured disturbance is the only disturbance experienced by the process, and (3) the control
calculation is realisable. However, conditions 1 and 2 are rarely satisfied. Therefore, feedforward

control is usually combined with feedback control, when possible, to ensure zero steady state




65

offset. A summary is provided in Table 5.16 on how the advantages of onc controller compensate

for deficiencies of the other.

Table 5.16: Comparison of feedforward and feedback principles (Marlin, 1995)

Feedforward Feedback
Advantages Compensates for a disturbance Provides zero steady-state oftset
before the process output is affected
Does not affect the stability of the Effective for all disturbances
control system
Disadvantages Cannot eliminate steady-state offset  Does not take control action until the

process output variable has deviated
: from its set point
Requires a sensor and model foreach Affects the stability of the closed-
disturbance loop control system

53.4 Determine the Control Algorithm

Once the control configuration of the respirometry-based control strategy has been identified. the
control algorithm can be determined since it depends on the configuration. Many of the proposals
qualitatively describe the control strategy. This makes it difficult to model the controller and
implement in the benchmark ASP. Therefore it is recommended that control algorithms from

process control theory be used as a starting point for the dynamic simulations.

The aim of this discussion is to provide an introduction to the various process control algorithms
available. The reader is referred to Marlin (1995) for a complete description on the application of
the various algorithms that may be used. Control algorithms for the feedback and feedforward
controllers described in this section can be applied to most systems. The feedback PID control
algorithm may be applied for cascade controllers. Digital forms of the control algorithms will be

emphasized in this discussion.
The Feedback PID Algorithm
The proportional-integral-derivative (PID) algorithm provides a formula for automatically

performing feedback control calculations. Each element of the algorithm is termed a mode and

uses the time-dependent behaviour of the feedback information in a different manner. as indicated
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by the name proportional-integral-derivative. The PID controller provides the best control

performance for most process situations out of all the feedback control approaches.
Proportional mode
The first mode enables the control action (i.e. the adjustment to the manipulated variable) to be

proportional to the error signal. As the error increases, adjustment to the manipulated variable

also increases. The proportional mode of the PID controller is expressed as follows:

MV,()=K.EN+1,

Eq.5.11

where
MV = Manipulated variable
K. = Controller gain. units of [manipulated}/[controlled] variables
E(t) = Error

= CV@) -SP()
cviy = Controlled variable
SP(y = Set point for the controlled variable
I, = Initialization constant

The controller gain, K.. is the first of three adjustable parameters that enables one to adapt the
PID controller to various applications. The proportional mode provides a rapid adjustment of the
manipulated variable and speeds the dynamic response of the controller. However, it does not
provide zero-offset although it does reduce the error. The proportional mode can cause instability

if it is tuned improperly (i.e. if the value of K. is too large).

Integral Mode

The integral mode adjusts the manipulated variable until the magnitude of the error is reduced to

zero for a step-like input. This mode is important because the proportional mode does not
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completely eliminate the effects of disturbances. The integral mode of a PID controller is

expressed as:

Kt 4 ¥ +
L E(t)dr+I,

MV, ()=
03] T

Eq.5.12

The integral time, T}, is the second adjustable parameter of the PID controller and has units of
time. The integral mode enables the controller to achieve zero-offset for step-like disturbances.
However, this mode adjusts the manipulated variable in a slower manner than the proportional
mode and as a result gives poor dynamic performance. The integral mode can also cause

instability if tuned improperly (i.e. if the value of T} is too smatll).
Derivative Mode
The derivative mode anticipates what the error will be in the immediate future and adjusts the

manipulated variable in a manner proportional to the rate of change of the controlled variable.

The derivative control action uses the following equation:

dCV (1)

MV,)=KT, +1,

Eq.5.13

The third adjustable parameter of the PID controller is the derivative time. T;. The derivative
mode provides rapid correction of the controlled variable based on the rate of change of the
controlled variable. It does not influence the final steady-state value of the error because when the
controlled variable is constant, the derivative mode makes no change in the manipulated variable.
In many control applications the derivative mode is not employed. This is the case when high-
frequency measurements of the controlled variable causes excessive variation in the manipulated

variable.

PID feedback control can be implemented by using continuous (analog) or digital computing

equipment. In this simulation study, only digital implementations of the PID control algorithm
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were employed. Digital controllers are executed periodically using sampled values of the
controlled variable to determine the value of the controller output. There are two digital forms of
the PID algorithm: the full-position form and the velocity form.

The full-position PID control algorithm calculates the value to be output to the manipulated

variable at each execution and is expressed as follows:

At & T
MV, =K |E, +?ZE,.+A—‘;(CVN—CVN_,) + 7
o=l

Eq. 5.14

The velocity algorithm calculates the change in the controller output at each execution. This
means that the controller calculates the amount by which the manipulated variable must be

adjusted in order to meet the set point. The velocity form algorithm is expressed as follows:

AMV, = KC[E‘\' -Ey, "";é.ﬁ Ey +%(CVN - ‘?'CV.\’-I +CVy.: )
!

!

Eq.5.15

MVy =MV, +AMV,

Eq. 5.16

where AMV = Magnitude of change in manipulated variable

At = Controller execution time

In this study, only the velocity form of the digital PI controller was used because it provides
protection against reset windup. Reset windup occurs when an error persists for a long time and
the controller becomes saturated. In physical terms, this means that the valve cannot be adjusted
because it is fully opened or closed before the control action has been completed (i.e. before the
error has been driven to zero). This situation is not a deficiency of the control algorithm. it
represents a shortcoming of the process and control equipment. The condition arises because the

equipment capacity is not sufficient to compensate for large disturbances (Marlin, 1995).
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Feedforward Control Algorithm

A digital form of the feedforward controller was developed in Marlin (1995) and is expressed as

follows:
L Ly Tu
MV, = ar Via+K I %r D, ),,_r -K f ar D, )”-l"-l
Ig Ig Ig
Xt-+ | | Z;+ 1 / m +1 /
Eq.5.17
where
feedforward controller lead time = Ty = T
process time constant = T
feedforward controller lag time = Ty, = T
disturbance time constant = T
feedforward controller gain = Ky = -K/K,
process gain = K,
disturbance gain = K

disturbance model in the time domain = D,
r = 6/ At. an integer value

process dead time = 6

This form of the feedforward controller provides sufficient accuracy for most cases. Adjustable
parameters for this algorithm are Ky Ty, and Tj,. The parameters K}, €. Ti. and 0 belong to the
process model, which is assumed to have first-order-with-dead-time dynamics. The disturbance
model used in this algorithm is assumed to have first-order dynamics with the parameters. K, and
.. The general definition of a gain is the ratio of the change in output variable to the change input

variable. The time constant characterizes the “speed” of the dynamic response. The dead time is
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the time interval during which no effect is observed on the outputs of the system. The first-order

dynamic model of a system will be discussed in the next section.

The feedforward algorithm in Eq. 5.17 is also characterized by the lead and lag times. When the
lead time is less than the lag time, the process time constant is shorter than the disturbance time
constant. When this occurs, the control action needs to be slowed so that the effects of the
disturbance and the feedforward controller cancel. The resulting control action is that the
manipulated variable approaches the steady state as a first-order response but never reaches the
final steady state value. When the lead and lag times are equal, the process has an equal time
constant with the disturbance. In this case, the manipulated variable immediately attains its steady
state value. Finally, when the lead time is longer than the lag time, the process has a slower time
constant than the disturbance. The response of the manipulated variable in this case is that it

initially exceeds and then slowly returns to its steady-state value.

5.3.5 Design / Tune the Controller

Once the controller algorithm is defined. appropriate values for the adjustable tuning constants
must be determined to achieve good control performance. Many tuning methods can be used to
calculate values for the tuning constants. A good summary of the tuning methods is provided in
Marlin (1995).

There are several key factors that must be considered in tuning a controller. First. most tuning
methods require a simplified dynamic model of the open-loop process. As a result, good control
performance from the tuning depends on reasonably accurate model identification. Second.
calculated values for the tuning constants should enable the control system to achieve the desired
performance objectives relevant to the process. Different tuning methods have different
objectives and consequently. each provides somewhat different dynamic performance. which
should be matched to the process requirements. Third, all methods identify only the initial values
for the control parameters. The values are then modified by fine-tuning, which corrects for

modelling errors and adapts the performance to that desired for the process.

The following procedures were applied to tune each of the digital controllers in this study:
1. Obtain the simplified dynamic model of the open-loop process.

2. Determine the sample period.
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3. Determine the initial values of the control parameters by employing the appropriate tuning

method.

4. Fine-tune the control parameters.

53.5.1 Obtain a simplified dynamic model of the process

The dynamic model of a process can be obtained analytically or empirically. However for digital

control systems, only the empirical model can be obtained. The most widely used empirical

method for identifying dynamic models is the process reaction curve method (Marlin, 1995). It is

simple to perform and provides adequate models for many applications. The method involves the

following four steps:

L.

19

d W

Allow the process to reach steady state.

Introduce a single step change in the input variable.

Collect input and output response data until the process reaches a new steady state.

Perform the graphical process reaction curve calculations, which are explained in detail in
Marlin (1995).

The process reaction curve method only calculates the parameters for a first-order-with-dead-time

model. This model approximates the dynamics of processes with monotonic responses to step

inputs. The general for a step change in the input witht 2 0 is:

Y([) = Kpé’(l_e'(l-a)/r)

Eq.5.18
where A = Steady state change in the output
) = Magnitude of t he input change
K, = Process or steady-state gain = A/8
= ACV/AMV
= Time constant

7] = PDead time
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The process parameters, K, 7, and 6, characterize the dynamic responsc of the output variable to
a change in the input variable. For a control system, the output variable refers to the controlled
variable and the input variable refers to the manipulated variable. The process gain, K, is the
ratio of the magnitude of the steady-state gain of the controlled variable to the magnitude of
change in the manipulated variable. The process time constant, 7, characterizes the “speed” of the
dynamic response. The dead time, 6, is the time interval for which no effect is observed in the

controlled variable.

53.5.2 Determine the sample period

In digital control, the measured controlled variables are obtained by sampling from the
continuous signal and converting this signal to digital form via A/D conversion. Sampling
introduces an additional delay in the feedback loop and can be approximated as a dead time of
AvV2. Thus in tuning digital controllers, the dead time used in the calculations is the process dead

time plus one-half of the sample period (i.e., 8°= 8+ 41/2).

[n this study. the controller sample period was taken to be equal to the sample period of the

influent wastewater data. which was every 15 minutes.

It must be noted that selecting the appropriate sample period is not trivial. Sampling must be
frequent enough so that the continuous signal can be reconstructed from the sampled signal
without loss of essential information. Too long a sample period can reduce the controller's
cffectiveness. especially its ability to cope with disturbances. Therefore it is importamt to consider

both the process dynamics and the disturbance characteristics in selecting the sampling period.

53.5.3 Initial tuning of the controller

Tuning methods are used to calculate the initial values for the adjustable parameters of the control

algorithm. For a PID controller, the adjustable control parameters are K, T;, and Ty

The appropriate tuning method is selected based on the control performance goals. Tuning
methods involve optimization, correlations, or stability analysis. Marlin (1995) recommends the

following tuning methods, with the first being the preferred method:
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6] Ciancone tuning correlations if the open-loop process can be estimated by first-order-
with-dead-time dynamics.

(i) Bode/(closed loop) Ziegler-Nichols if the process cannot be satisfactorily fitted by a
first-order-with-dead-time model.

(ifi)  Nyquist/gain margin method when the process does not satisfy the Bode criteria.

(iv)  Any other correlations described in Marlin (1995) as appropriate for the application

scenario.

) Detailed analysis of the robustness of the system, through either optimization methods
described in Marlin (1995) or the robust performance applied to the IMC as described
in Morari and Zafiriou (1989). Marlin (1995) notes that this is the best method but
requires more effort than is usually justified for initial tuning. This method may be

required for systems with complex dynamics and large model errors.

In this study. the Ciancone correlations were used to determine the initial values for X, T}, and T
of the PID algorithm. The correlations are based on the values of Kp. 7. and 6, parameters of the

dynamic process model. The tuning goals of the Ciancone correlations are as follows:

1. The integral of the absolute value of the error (IAE) of the controlled variable is minimized.

The [AE is calculated as follows:

IAE = f|sp(r) ~CV(r)|dr
Eq.5.19

2. 125% change in the process model parameters are accounted for by the correlations. This
factor is important because the well-tuned controller must provide acceptable control
performance as the process dynamics change.

3. Limits on the variation of the manipulated variable are specified. This is to prevent excessive

variation in the manipulated variable.

The Ciancone correlations apply to processes that can be represented by a first-order-with-dead-
time model. Stability is not explicitly considered in the Ciancone method, tuning that makes the

system unstable or oscillatory would have a large IAE and thus would not have been selected as
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optimum. The Ciancone correlations give lower controller gain values, partly because of the
objectives of robust performance with model errors and partly because of the limitation on the
manipulated variable variation with a noisy measured controlled variable. The Ciancone
correlations yield controllers that are more robust than those developed with Ziegler-Nichols

tuning and thus perform better when realistic model errors occur (Marlin, 1995, p.356).

5.3.54 Fine-tune the controller

Fine-tuning involves implementing the initial values of the control parameters in the control
algorithm and modifying them until acceptable closed-loop control performance is achieved. This
step is necessary because of errors in the base-case process model and simplifications in the
tuning method. To determine whether the tuning is satisfactory, Marlin (1995) recommends
examining the performance of the controller to changes in the set point. The integral of the
squared error (ISE) and settling time of the controlled variable were used in this study to measure

the performance of the controller.

The ISE is one measure of the cumulative deviation of the controlled variable from its set point

during the transient response (Marlin. 1995). It is expressed as follows:

ISE = [[sPiy-cvn dr
V]
Eq. 5.20

The setding time is defined as the time the controller takes to attain a “nearly constant” value.
usually +5 percent of its final value (Marlin, 1995). after a disturbance has been introduced into

the system.

To fine-tune a controller, enter the initial values of the tuning parameters into the algorithm and
switch the controller’s status in the automatic position to allow the controller to perform its
calculation and adjust the manipulated variable accordingly. Then, the response to a set point
change is diagnosed to determine whether the tuning is satisfactory. The easiest type of
disturbance to implement to test the controller’s response is a step change in the set point. The

magnitude of the step change is selected such that the effects on the controlled variable are
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apparent. It is important to mention that no controller can reduce the delay, between when the set

point is changed and when the controlled variable initially responds, to be less than the dead time.

5§3.6 Determine the Range of Variation for the Manipulated Variable

An appropriate range of variation, or the maximum and minimum rates, must be specified for the
manipulated variable when implementing the controller in the benchmark activated sludge plant.

The variation in the manipulated variable is of concern because it influences plant performance.

The manipulated variable must have sufficient “range” in that allowable adjustments must be
large enough to achieve desired set points and compensate for expected disturbances. Large-
magnitude and high-frequency variations in the manipulated variable must be avoided so that
undesired oscillations do not occur in the process. However. if the range is too small the control

action will be inadequate and the set point will not be reached.
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5.4 Evaluation of the Control Performance of the Respirometry-Based Controller

With so many proposed control strategies, there is a need for a systematic and objective technique

to test the potential and benefits of these strategies. Therefore, five different types of evaluations

have been developed for the simulation-based methodology to cxamine various aspects of the

control system. The five types of tests are:

1. Evaluation of the response of the controlled variable to changes in the manipulated variable
with the automatic controller disabled. The response of the controlled variable with the

controller disabled is often referred to as an open-loop response.

!\)

Stability analysis of the control system. The purpose of stability analysis is to determine the

ability of a control system to dampen out any oscillations that result from a disturbance on the

plant. There are many methods available to evaluate the stability, including the Bode and

Nyquist analyses. The Bode method is the easiest to implement while the Nyquist method has

the most general applicabitity

3. Evaluation of the dynamic performance of the controller to changes in the set point under
constant influent conditions.

+. Evaluation of the dynamic performance of the controller under diurnal influent loading
conditions.

5. Evaluation of the effect of the controller on plant performance under stress loading

conditions.

54.1 Open-Loop Dynamic Behaviour of the Control System

A key factor of a good control system is a causal relationship between the manipulated variable
and controlled variable. When the controller is disabled and a change in the manipulated is
introduced, the response of the controlled variable is referred to as an open-loop response. The
dynamic behaviour between the manipulated variable and the controlied variable is referred to as

open-loop dynamics.

The purpose of obtaining the open-loop dynamics of the control system is to examine the
dynamic relationship between the manipulated variable and the controlled variable. The

performance of a controller depends on the causal relationship between the manipulated variable
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and the controlled. The open-loop dynamic behaviour is obtained by introducing a step change in
the manipulated variable and measuring the response of the controlled output variable. The
process reaction curve method, described in Marlin (1995), can be used to calculate the
parameters characterising the relationship between the two variables. In this analysis, simulations

are conducted with constant average influent loading.

The open-loop response of the controlled variable to changes in the manipulated variable usually

exhibits first-order-plus-dead-time dynamics. The following parameters characterize a first-order-

plus-dead-time system:

« Kp (process gain) — ratio of the change in the controlled variable to the change in the
manipulated variable,

« T(process time constant) — characterizes the speed of the response of the controlled variable
to the change in the manipulated variable, '

» @ (dead time) - the time interval for which no effect is observed in the controlled variable
once a change in the manipulated variable has been introduced.

o 8/6+7(fraction dead time)

54.2  Stability Evaluation of the Control System with Frequency Response Analysis

The purpose of the stability analysis is to determine the ability of the control system to dampen
out any oscillations that can resuit from a disturbance on the plant. In other words. a stability
analysis is a method of verifying that the design or tuning of the controller provides stable

performance over a wide range ol input frequencies.

In process control theory. the bounded input. bounded output stability is often employed for

defining stability:

A system is stable if all output variables are bounded when all input variables are

bounded. A system that is not stable is unstable (Marlin, 1995).

“Bounded” is an input that always remains between an upper and a lower limit. Sinusoidal and

step inputs are examples of bounded inputs, whereas a ramp input is unbounded. Unbounded
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output exists only in theory and not in practicc because all physical quantitics arc limited.

Therefore, the term “unbounded” means very large in this context (Stephanopoulos, 1984).

Stability is required for good control system performance. However, a control system can be
stable and perform poorly (Marlin, 1995). The action of a controller can potentially cause
instability in a process by introducing oscillations in an originally overdamped system. A
thorough understanding of the stability of dynamic systems is essential because it provides
important relationships among process dynamics, controller tuning, and achievable performance
(Marlin, 1995).

In the feedback control system shown in Figure 5.15. all elements of the feedback loop affect the

stability of the process. These elements include the process, sensors, transmission, final elements.

and controller.
Dys) G (s
+ E(s MV(s) CVis)
SP(s) ), Gusy [MYS) | Gys) G,(s) A
G5
Figure 5.15: Block diagram of a feedback control system
where CV(s) = Process output variable, referred to as the controlled variable
MV(s) = Process input variable, referred to as the manipulated variable
SP(s) = Set point value of the controlled variable
Eis) = Error, difference between the set point and the measured
controiled variable
D(s) = Disturbance input that changes due to external conditions and affects the

controlled variable

G(s) = Controller transfer function
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G(s) = Transmission, transducer, and valve transfer function
Gi(s) = Process transfer function

Gis) = Sensor, transducer, and transmission transfer function
Gy(s) = Disturbance transfer function

A quick way to demonstrate how these elements affect stability is to examine the denominator of
the closed-loop transfer functions of the feedback control system. The denominator of the closed-
loop transfer function is referred to as the characteristic polynomial. When the characteristic
polynomial is set to equal zero, it is referred to as a characteristic equation. Stability analysis

methods that require polynomial transfer functions_ include the root locus and the Routh methods.

The solutions of the characteristic equation determine whether the system is stable or unstable. If
all roots of the characteristic equation have negative real parts, the control system is stable
because it is able to dampen input disturbances. However, if any root has a real part greater than
or equal to zero the system is considered to be unstable. This means that the controlled variable

increases without limit upon a disturbance on the system.

The closed-loop transfer function relating the response of the controlled variable to a disturbance

for the system shown in Figure $.14 is expressed as follows:

CV(s) _ G,(s)
D(s) 1+G,(5)G, (5)G (5)G, ()
Eq.5.21

The closed-loop transfer function relating the controlled variable to the set point for the system in

Figure 5.14 is:

CV(S) - Gd (S)
SP(s) 1+G , (5)G, (5)G_(5)G,(s)

Eq.5.22
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Since the characteristic polynomial of the transfer functions, shown in Eq. 5.21 and Eq. 5.22, both
contain the process, sensors, transmission, final elements, and controller, all these elements affect
stability. The disturbance and set point changes are not in the characteristic polynomial because
they affect the input forcing and therefore do not affect stability. Furthermore, since both the
disturbance and set point transfer functions have the same characteristic polynomial, stability
analyses for set point changes and disturbances yield the same results.

Since the dynamic models of many plants have dead time, determining the stability of a control
system with polynomial transfer functions may be difficult. The reason is that the characteristic
equations are usually complicated so the roots may not be easily calculated. An alternative for
evaluating the stability characteristics is frequency response analysis. This analysis involves

calculating the ultimate response of a system to a sinusoidal input.

The frequency response of a system with the transfer function G(s), to a sinusoidal input is
characterized by two key parameters: amplitude ratio and phase angle. The amplitude ratio is
defined as the ratio of the output amplitude to the input amplitude, and is a function of the

frequency, @. of the input disturbance:

Output magnitude

Amplitude ratio = AR = -
Input magnitude

=VRe[G(j@)f + Im[G(jo)F

Eq. 5.23

The amplitude ratio gives the magnitude of the variation in the controlled variable for a unit sine
input. Therefore, the smaller the amplitude ratio for a disturbance response, the better the controt

performance.

The phase angle or phase shift is the angle by which the output wave lags behind the input wave.

The phase angle is also a function of the frequency, ax
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Phase angle = Phase differcnce between input and output = ¢
=Z2G(jw)

. .,( Im[G(jw)] )

RelG(jo)],

Eq.5.24

There are several methods that apply frequency response analysis to determine the stability of a
control system. Two commonly used methods include the Nyquist method and the Bode method.
The Nyquist method is the most general, while the Bode method is the easiest to implement.
These methods provide information on the relative stability of the system (i.e. how much a
parameter must change to change the stability of the system). In this study, only Nyquist plots
were employed to evaluate the stability characteristics of the control systems since it has the most

general applicability.

The Nyquist method graphically determines if the characteristic equation,

[ + Gy(5)G(5)Gu(5)G,(s)], of the closed-loop transfer functions given by equations 5.20 and 5.21
has any positive roots. The Nyquist diagram is a plot in a complex plane of the amplitude ratio
and phase angle as the frequency is varied from zero to infinity. It uses the Im [G(jw)] as ordinate

and Re [G(jw’)] as abscissa. An example of a Nyquist plot is shown in Figure 5.16.

A specific value of the frequency w defines a point on this plot. Thus the following characteristics

are observed at point A in Figure 5.16:

1. The frequency has a value @,.

o
.

The distance from point A to the origin (0.0) is the amplitude ratio at the frequency w;.

3. The angle ¢ with the real axis is the phase shift at the frequency w,.
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4 Imaginary axis
Im [G(jw)]

/- woe w=0 » Real axis

" Re{G(fw)]

Figure 5.16: Form of a Nyquist plot (Stephanopoulos, 1984)

The Nyquist stability criterion states that a closed-loop control system is stable if the open-loop
system is stable and the Nyquist plot does not enclose the point —1+j0). In other words. [1 +

G(5)Gu(5)G(5)G.(s)] has only negative roots and the control system is stable.

The Nyquist plots for the control systems evaluated in this study were obtained by first
converting the dynamic process models (describe in Section 5.2.1) from the time domain to the
state space form in GPS-X. The process models were converted into the state space form because
they were much too complex to be converted into the laplace transform. Hence. equations 5.21
and 5.22 were not applied in this study and were described for the purpose of providing theory on
the Nyquist plots. The state space form was then transferred to Matlab whereupon the Nyquist
plots were calculated. The following steps were performed to obtain the state space form of the
time domain model of the activated sludge process:

I.  Use constant influent loading.

2. Run the simulations, with all controllers turned off except for the DO controllers, until both
the DO concentrations and Kia values in all three CSTRs reach steady state. The DO
concentrations should be constant at 2 g m3. Once steady state has been reached. turn the DO
controllers off.

3. To ensure that the system is in steady state and stable, the eigen values were computed in
GPS-X. Negative eigen values indicated that the system was stable.

4. The Jacobian was then calculated about the current point in state space by numerical

perturbation.
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5. The state space form of the activated sludge process was then imported into Matlab to plot

the Nyquist diagrams.

54.3 Dynamic Performance of the Controller to Changes in the Set Point

Useful information can be determined by assessing the controller’s response to step changes in
the set point under constant influent conditions. In this way, the speed of the control action and
the ability of the controller is meeting the set point can be determined. Additionally, this analysis
allows one to examine the variation in the manipulated variable. Therefore, by analysing the
responses of the controlled and manipulated variables to a step change in the set point the
diagnostic information on the causes of good and poor control performance are revealed. Two
measures of control performance were examined: (1) deviation of the controlled variable from its
set point and (2) the variation of the manipulated variable. The following parameters were
calculated to determine the dynamic response of the controller:

« Standard deviation from the set point (Op)

+ Settling time (which is the amount of time the controlled variable takes to meet the new set

point value)

»  Offset between set point and steady-state value of controlled variable

5.4.4 Dynamic Performance of the Controller Under Diurnal Influent Conditions

The next test of the methodology involves examining the performance of the controller under
diurnal influent loading conditions. The purpose of this evaluation is to test the controller under
realistic influent conditions and its impact on plant performance in terms of effluent quality. The
influent flow has a maximum to average ratio of approximately 1.5 per day and is illustrated in
Figure 5.17. In this assessment, the ability of the controller in maintaining the set point and the
variation of the manipulated variable were investigated. The effect of employing different set
points on effluent quality was also examined. The following performance measures were
calculated to support the assessment:

+ Standard deviation from the set point (C)

« Standard deviation of the manipulated variable (Gp,),

+ Comparison of the effluent quality for the uncontrolled and controlled cases.
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Figure 5.17: Daily hydraulic loading experienced by the plant (maximum to average flow
ratio = 1.5)

54.5 Effect of the Controller on Plant Performance Under Stress Loading Conditions

The last evaluation of the methodology involves testing the performance of a controller under five
loading conditions over a 35-day period. The purpose of this assessment is to determine the
benelits of control and when control is necessary. This test reveals if respirometry-based control
cnables the plant to maintain effluent quality compliance longer during stress loading conditions

and the impact of control on energy costs.

Each loading scenario was 7-days long. Of the five scenarios, two were stress-loading conditions.
One stress scenario involved subjecting the plant to a 50 per cent increase in both the hydraulic
and pollutant loading. The other scenario consisted of two storm events. Influent loading

scenarios for the 35-day simulation period are described in Table 5.17.



Table 5.17: Influent Loading Scenarios

Week Influent Loading Period Influent Loading Condition
1 dayQtoday7 Normal diurnal influent loading
2 day 7 to day 14 50 per cent increase in the hydraulic and pollutant
loading
3 day 14 to day 21 Normal diurnal influent loading
4 day 21 to day 28 Two storm events
5 day 28 to day 35

Normal diurnal influent loading

The flow rate, biodegradable concentration, and particulate concentration of the 35-day influent

loading are depicted in Figures 5.18, 5.19 and 5.20 respectively.

Influent Flow (nm/d)

70000

14 21 28

Time (days)

35

Figure 5.18: Influent flow rate of 35-day loading scenarios



86

200

180 -
160 -
140

i}

120 -

100

Concentration (g m™)
w
o

=]
(@]
s

N &
o O o

e

14 21 28 35
Time (day)

Ss Snh - Snd |

Figure 5.19: Influent readily biodegradable substrate, ammonia and slowly hiodegradable

nitrogen of 35-day loading scenarios






88

6 Evaluation of a Respiration Rate Control Strategy that Uses the
Sludge Wastage Rate

6.1 Introduction

This section will discuss a respirometry-based control strategy proposed by Stephenson et al.
(1981) in which the active biomass concentration is controlled by manipulating the sludge
wastage rate (Quwuse) according to measurements of the respiration rate (rr). Flanagan (1977),
Arthur (1984), and Klapwijk et al. (1993) are additional examples of proposals in which Q... is
used as a manipulated variable in the respirometry-based control strategy. The strategy proposed
by Stephenson er al. (1981) was selected for evaluation for scveral reasons: 1) experimental data
were reported from pilot plant studies; 2) plant operating conditions were reported; 3) the control
strategy was easy to understand; and 4) the strategy was a good starting point for developing the
simulation-based methodology.

The objective of the control strategy proposed by Stephenson et al. (1981) was to manipulate the
sludge wastage rate (Q..«) (0 maintain the endogenous respiration rate (rr..;) in the acration tank
at a set point. The underlying concept of the strategy is that rr.,. is a measure of the active
biomass concentration. The set point rr.,s is selected to provide the degree of biomass activity

and substrate oxidation required.

The pilot plant study conducted by Stephenson et al. (1981) will first be reviewed. Then the
evaluation of the control strategy will be discussed based on the simulation-based methodology
described in Section 5. The simulation model and the activated sludge plant employed in the
evaluation will be described. Following this. a discussion on the implementation of the control
strategy will be provided. Lastly, the performance of the controller and its potential benefits on

plant performance will be discussed.
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6.2 Review of the Pilot Plant Study Conducted by Stephenson et al. (1981) on
Respiration Rate Control

2.1 Summary of the Pilot Plant Study Conducted by Stephenson et al. (1981)

The pilot-scale activated sludge plant used by Stephenson et al. (1981) was a carbon removal
plant. The plant consisted of a primary clarifier, followed by "an aeration tank and a secondary
clarifier. A diagram of the plant layout used in the simulations is shown in Figure 6.1. The
dissolved oxygen concentration in the aeration tank was automatically controlled. The hydraulic
loading resembled a sinusoidal function with a peak/mean/minimum ratio of 2/1/0.5. The mean

hydraulic flow to the reactor was 7.2 m* d™".

Wastewater Flow Combiner Aeration Tank Clarifier

Figure 6.1: Layout of pilot plant used by Stephenson et al. (1981)
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The type of controller used by the authors to maintain the respiration rate set point was an on-off
controller. The controller regulated the respiration in the acration tank for the expected load of the
subsequent day by automatically wasting the sludge at 30-minute intervals between 3 and 8 A.M.
During this time, rr.,s could be measured because the plant hydraulic and organic loadings were
low. A rr., set point of 22 g m” h'! was used in the study and was selected because previous

plant records showed adequate treatment at this value.

Stephenson ef al. (1981) observed that the respiration rate in the aeration tank coincided with the
influent loading. The respiration rate increased when the loading increased and decreased when
the loading was low. The rr.,; set point of 22 g m™ h"' was not met in the time or wasting
constraints allocated for the particular loading conditions of the plant (Stephenson er al., 1981).
However, the authors observed that control of the respiration rate slightly improved the mean

effluent suspended solids over the 24-hour testing period.

6.2.2  Simulation of the Pilot Plant Study Conducted by Stephenson et al. (1981)

Simulations were performed to replicate the pilot plant and on-off rr controller used by
Stephenson er al. (1981). The on-off controller employed in the simulations wasted sludge
between 3 and 8 a.m. as was done in the study. But wasting only occurred when the respiration
rate measured in the aeration tank increased above the set point value of 22 ¢ m~h'. The GPS-X
macro for the on-off controller is provided in Appendix B.1. The simulated hydraulic influent

flow is depicted in Figure 6.2.
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influent flow
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Figure 6.2: Simulated hydraulic flow into the pilot plant

The simulations indicated that the on-off controller was not able to maintain the rr,,, at the set
point when subjected to the influent flow depicted in Figure 6.2, This is shown in Figure 6.3. The
rr in the aeration tank oscillates about the set point value of 22 ¢ m” h™" and does not show any
signs of settling towards the sct point. The simulations did however reveal a slight decrease in the
effluent suspended solids as was obscrved in the pilot plant study conducted by Stephenson er al.

(1981).
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Figure 6.3: Control of rr with an ON-OFF controller
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6.3 Application of the Benchmark (Spanjers ef al., 1998a)

The benchmark (Spanjers er al., 1998a) was used to conduct simulation studies of the control

strategy proposed by Stephenson et al. (1981). As described in Section 5.2, the benchmark

consists of: the following components:

1) the process models for the activated sludge process IAWQ ASMI Henze ef al., 1987) and
the secondary clarification process (Tak4cs et al., 1991) (Section 5.2.1);

2) the set of influent conditions for both dry and wet weather (Section 5.2.2);

3) values for the parameters of the ASM1 (Henze.et al., 1987) and the double exponential settler
model (Takdcs et al., 1991) (Section 5.2.3);

4) the set of initial values for the state variables (Section 5.2.4); and

5) the carbon removal activated sludge plant (Section 5.2.5).

The control strategy proposed by Stephenson et al. (1981) was implemented in the benchmark
plant designed for carbon-removal. Control of rr is performed through a feedback control loop. A

diagram of the control configuration is provided in Figure 6.4.

The operating conditions of the benchmark plant were slightly modified to reflect the operating

conditions of the pilot plant used by Stephenson er a/. (1981):

+ A recycle ratio of 0.5 was used in this study instead of 1.0, as was specified in the
benchmark. because this was specified in the proposal by Stephenson er al. (1981).

« Since a sludge retention time of 3 days was reported in Stephenson et al. (1981). a 3-day

sludge retention time was used in this study instead of the 4 days in the benchmark plant.
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Revycle Activated Sludge

Figure 6.4: Feedback control configuration of the rr control strategy the benchmark plant

Several differences exist between this simulation study and the pilot plant study conducted by
Stephenson er al. (1981):
1. The influent was different in the two cases. The synthetic influent used in the simulations had

larger fluctuations than the influent used in the pilot plant study.

!\)

The activated sludge plants differed in the two cases. A 3-tank system was used for the
simulations. while a 1 tank system was used the pilot plant study.

3. Measurement of rr,,, differed. Stephenson et al. (1981) measured the respiration rate during
low loading periods to obtain rr.,,. In addition, rr.,; was calculated at 5-second intervals and
averaged at 15-minute intervals in the pilot plant study. Ho;vever in this swudy, rr,,; was
measured continuously in the third tank. It was assumed that the respiration rate in the third
tank (rr3) was close to endogenous because the biodegradable substrate concentration was
low (between 1 —~2.5 g COD m?).

4.  rre.s was measured every 15 minutes in the third tank for this study.
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5. In this study, wasting occurred continuously throughout the entire day to meet the set point
respiration rate. However in the pilot plant study, wasting occurred only at specific time
intervals for 5 consecutive hours each day.

6. Different types of controllers were implemented in the two cases. The controller used in the

simulations was a ‘textbook’ feedback controller. An on-off controller was used in the pilot

plant study.
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Implementation of the control strategy proposed by Stephenson er al. (1981) involved the

following 6-step procedure that was described in Section 5.3:

Identify the objective of the respirometry-based control strategy (Section 5.3.1).
Identify the input and output variables of the control system (Section 5.3.2).
Identify the implied control configuration (Section 5.3.3).

Determine the appropriate control algorithm (Section 5.3.4).

Design/tune the controller (Section 5.3.5).

S WD -

Determine the appropriate range of variation for the manipulated variable (Section 5.3.6).

6.4.1 Objective of the Respiration Rate Control Strategy

The objective of the proposed control strategy is to maintain the active biomass concentration at
the set point to ensure adequate treatment of the wastewater. In other words. the operational
objective of the control strategy is to ensure effluent concentrations meet standards. and the

control objective is to maintain rr,; at the set point.

6.4.2 Input and Output Variables of the Control System

rry is the controlled variable and Quux. is the manipulated variable. The control strategy proposed
by Stephenson et al. (1981) uses rr..s as a measure of the active biomass. Stephenson er al.
(1981) assumed that the respiration rate measured during low loading periods is endogenous. In
this study, it was assumed that the respiration rate in the third aeration tank was close to

endogenous.

The graph in Figure 6.5 shows the respiration rate in each of the three tanks for simulations
conducted with normal diurnal influent over a 7-day period. Note how rr,; was much lower than
the respiration rates in the first and second tanks. The S5 concentration during the same simulation

run is depicted in Figure 6.6. Also note how the Ss concentration in the third tank (Ss,:) ranges



96

between | and 2.5 ¢ COD m3, which is sufficiently low to assume that endogenous respiration is
occurring in the third tank. The death-regencration model (Henze et al.. 1987) from Eq.2.1 shows

how rr,; directly varies with Xgg, and Ss:

r= =Yy Y Uy Ss X g )+ 4.57-71, /hm&vnxmw
Yy Ks+3Ss Y Kyi+Swn |

A

Eq.2.1

70

rr (gO¥m* h)

0
0 1 2 3 4 5 6 7
Time (day)
m1 m2 m3

Figure 6.5: Respiration rate in each tank simulated under diurnal influent loading
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Figure 6.6: S5 concentration in each tank simulated with diurnal influent loading

6.4.3 Implied Control Configuration

Since Q.. depends on the value of rry. the control strategy proposed by Stephenson er al.
(1981) was implemented in a feedback loop.

6.4.4 Control Algorithm

The velocity-form of the digital PI controller (described in Section 5.3.4) was chosen as the
appropriate control algorithm for automatic control of rr;;. As discussed earlier, the velocity PI
algorithm calculates the change in the controller output at each execution. This means that the
controller calculates the amount by which the manipulated variable must be adjusted in order to
meet the set point.
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Only the proportional and integral modes of the digital PID controller were employed for
controlling rr,;. The derivative mode was not used because it amplifies high-frequency variations
which can cause excessive variation in the manipulate variable (and ﬁﬁs could lead to
disturbances in the settler). The macro for the respiration rate control strategy is provided in

Appendix B.2.

6.4.5 Design or Tuning of the Respiration Rate Controller

The parameters for the digital PI controller, K¢ and 7; were initially tuned by evaluating the
process reaction curve, fitting an approximate first-order-with-dead-time model, and using the
Ciancone correlations (Marlin, 1995). The process reaction curve was obtained by first bringing
the system to steady-state. then introducing a step change in Q... and ftinally recording ihe
response of rr; until a new steady-state was reached. For more details on tuning controllers.

please refer to Section 5.3.5.

Fine-tuning of K¢ and T; involved measuring the performance of the controller to changes in the
set point under constant influent conditions. Values of the control parameters were adjusted until
the controller’s response became satisfactory, with a small integral squared error (ISE) and short

scttling time.

After applying the Ciancone tuning correlations and fine-tuning. final values of K, and T for the

PI controller were determined to be:

T;

-22.0

0.1 days

A negative value for K, is reasonable because Q.. is inversely proportional to rr.. In other

words, increases in Q.. cause rry; 10 decrease. This is demonstrated in Figure 6.8.

The sampling time for the controller was selected to be every 15 minutes since the influent flow

and pollutant concentration were measured every 15 minutes.
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6.4.6 Range of Variation for the Wastage Rate

The range of variation chosen for Q,,..,. Was selected to be from 0 to 1000 m3d™. A limit on O.aste
had to be applied to prevent the process from becoming unstable. This was especially important

when the plant experienced shock or stress loadings.
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6.5 Performance of the Respiration Rate Control Strategy

The dynamic performance of the velocity form of the PI respiration rate controller was examined
under various input disturbances. The five different types of evaluations, described Section 5.4,
were employed to test the control strategy. This involved examining both open-loop and closed-
loop performances. The closed-loop dynamic performance of the controller was examined under
three influent conditions: constant influent, diurnal influent, and stress loading conditions. A

stability analysis of the control system was also conducted.

6.5.1 Open-Loop Dynamic Behaviour

The dynamic behaviour between Quu. and rry provides important information on the
performance of the feedback control system. The following procedures were performed to obtain

the process reaction curve of rr;; in response 10 a change in Quuse:

I Under constant influent conditions, the process was brought to steady state.

[

A step change in Q.. Was introduced and the subsequent change in the rr,; was recorded.

3. The process was allowed to reach a new steady state.

The graph in Figure 6.7 shows that once the process was brought to steady state on day 14. Q...

was increased from 500 to 800 m3d™. rr,; reached a new steady state in approximately < days.
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Figure 6.7: Open-loop response of rr; to a step change in the wastage rate

As shown in Figure 6.7. rry: decreased when Q... Was increased. The response curve of rry; is
characteristic of first-order-with-dead-time processes. Parameters of a first-order-with-dead-time
model include: process or steady-state gain (K},). time constant (). and dead time (). K, is the
ratio of the change in respiration rate to the change in the wastage rate. T characterizes the
“speed” of the dynamic response of the controller. 9 is the time interval for which no effect is
observed in rr,. Values for these parameters were calculated by employing the process reaction

curve, method II (Marlin, 1995). They were found to be as follows:

K, =Arr/ AQuase
=-0.234 ¢
T = 1.465 days
°] =0.153days =3.67 hours

The diagram in Figure 6.8 shows that the first-order-plus-dead-time model closely predicts the

response of rr; to changes in Q...
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Figure 6.8: Comparison of actual and model-predicted response of rr,; to changes in Q4.
The feedback process speed and fraction dead time may be determined with these parameters:

Feedback process “speed” = 6 + T=0.153 + 1.465 = 1.618 days

Feedback fraction dead time = —9—
O+r1

0.153

T 0.153+1.465
=0.0946

The feedback process “speed” indicates that it took rry; approximately 1.6 days to respond to an
increase of 500 to 800 m3 d™! in Q. The feedback fraction dead time reveals that about 9 per
cent of the total response time is dead time. The feedback process speed shows that the response
of rry is quite slow to changes in Q... Since the rr controller must respond to the diurnal
fluctuations in the influent, which occurs at a frequency of 1 cycle/day (as depicted in Figure 5.4),

a feedback response time of 1.6 days is too long. Furthermore, the small value of K, indicates that
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the magnitude of the response of rr,; is small compared to the large change introduced in Q, ...
The response of rry; is slow and relatively weak because the first two activated sludge tanks
dampen the effects of the sludge wasting. These results indicate that the dynamics between rr;
and Q... are quite sluggish. Slow dynamics between controlled and manipulated variables affect
the dynamic performance of the controller, particularly when disturbances have high-frequency

variations.

The response of the heterotrophic biomass concentration, Xgy, in the third aeration tank to a step
change in Q4 Was examined and is illustrated in Figure 6.9. The response curve of the biomass
shows that the relationship between Q... and the biomass also follows first-order dynamics. This

demonstrates that rr; is an indicator of Xgy;.
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Figure 6.9: Response of heterotrophic biomass in tank 3 to a step increase in Q..
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6.5.2 Stability Analysis

In this study, the Nyquist stability criterion was employed for assessing the stability of the digital
PI rr controller. The Nyquist plot for the respiration rate controller is shown in Figure 6.10. The
solid line covers the frequency range 0 < ® <+, and the dashed part covers the frequencies from
—o to 0. The dashed segment of the Nyquist plot is the mirror image of the solid-line segment
with respect to the real axis. Please refer to Section 5.4.2 for details on frequency-response

analysis.
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Figure 6.10: Nyquist plot of respiration rate control system

The plot in Figure 6.10 shows that the point (-1,0) is not encircled. Thus according to the Nyquist
stability criterion, the closed-loop response of the rr controller to a range of input frequencies is
stable. This means that the PI control algorithm and the tuning constants (K. = -22.0, 7; =0.1
days) selected for the rr control strategy proposed by Stephenson et al. (1981) give stable
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performance over a range of operating conditions. This implies that the responsc of the r

controller to fluctuations in rr;; will not introduce large oscillations in the system.

6.5.3 Control Performance Under Set Point Changes

The dynamic response of the rrs controller to step changes in the set point was examined. The
controller’s ability to meet set point changes under constant influent conditions is depicted in
Figure 6.11. After running the simulations until steady state was reached, the rr controller was
turned on automatic and the set point was fixed at 22 gO, m™>h™ on day 14. The set point was

then changed to 23 gO,m*h" on day 60, and subsequently to 19 g0, m™h™ on day 100.
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Figure 6.11: Closed-loop response of the rr controller to step changes in the set point

The control performance for the set point changes is summarised in Table 6.1.
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Table 6.1: Performance of r Controller to Step Changes in the Set Point

Time rri; Set Point  Average rr,;;  Standard Standard Settling Time of
Interval (g0 m3h') (g0, m™h') Deviation from  Deviation rrs
(days) Average from (days)
I Set Point
Ot 14 No control 19.465 0.277 - -
14 t0 60 220 21.956 0.663 0.477 34
6010 100 230 23.008 0.308 1.054 23
100 to 140 19.0 19.130 0.765 2.972 23

Average values of rr; shown in Table 6.1 demonstrate that the controller was able to meet each
set point with negligible offset. This is confirmed by the low values obtained for the standard
deviations from each set point. As depicted in Figure 6.11, the controller’s response to the first set
point change was more oscillatory and took longer to stabilise. The reason for this was that the
jump from the initial or uncontrolled value of 19.5 g0, m™h" 10 the set point of 22.0 20, m3h’!
was greater than any subsequent set point changes. The set point change from 23 to 19 g0, m*h’

shows that the controller is able to meet the set point when it is decreased.

The controller performed poorly in terms of the setling time, which is the amount of time the
controlled variable takes to meet the new set point value. It took the controller at least 23 days to
stabilise after a change in the set point was introduced. As previously noted. the sctling times are
slow because it a takes a long time for the effects of the sludge wastage from the settler to reach
the third tank.

The response of Quase 10 €ach set point change is depicted in Figure 6.12. Each time the set point
was changed. there was a large, high-frequency variation in the Q, .. As rr; settled towards the

set point. fluctuations in Q... decreased accordingly.

The oscillatory response of the controller, shown by both the fluctuations in rr,; and Q\usee (Figure
6.12), indicates that the controller tuning might be too aggressive. This is usually caused by the
controller gain. K., being too large or the integral time, T}, being too short. or a combination of
both. The high-frequency variation in Q... indicates that the aggressive response was probably
due to both the controller gain and the integral time. Values for these control parameters were
fine-tuned when the plant was operating under diurnal influent conditions. As a result the

controller’s response to step changes in the set point was aggressive.



107

Dynamic Response of OUR Controller to Step Changes in the
Set Point
1200
§ 1000 - 3
& A
£ 800 ; .
o« .
§’ 600 - : 1
g es— : W
2 4004 .
& i
3 :
o 200 - H
H
3
0
0 20 40 60 80 100 120 140
Time (days)

Figure 6.12: Close-loop response of the rr controller under constant influent shown by
adjustments in the wastage rate

The effect of the oscillations in Q.. on the effluent quality is shown in Figure 6.13. The
simulations show that there was very little variation in the effluent readily biodegradable
substrate concentration (S.) and effluent slowly biodegradable substrate concentration (X..).
However when the set point was changed from 22 to 23 g O, m™h" on day 60. the particulate

inert organic concentration in the effluent (X;.4) increased with the decrease in Q,axe.
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Figure 6.13: Effect of set point changes on the effluent concentration under constant
influent condit ions

6.5.4 Control Performance Under Diurnal Influent Conditions

The dynamic performance of the controller was also examined under diurnal influent loading
conditions. The ability of the controller to maintain rr, at set points of 18 and 22 20. m3h' is
shown in Figure 6.14. As depicted, rr,; follows the fluctuations of the influent flow and oscillates
around the set point. The controlled rr,; will likely never decrease and settle towards the set point
because the rate of change of the influent wastewater is much too fast for the controller to
respond adequately. Evidence of this was shown by the slow dynamics between rr; and Q...
from the open-loop analysis discussed in Section 6.5.1. The sluggish performance of the
controller in meeting set point changes, discussed in Section 6.5.3 also demonstrates how the

controller will not meet the set point during diurnal influent conditions.
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Figure 6.14: Performance of the rr controller in maintaining the set point under diurnal
influent conditions

Statistics on the performance of the controller in regulating the different rr,y set points under

diurnal influent conditions are presented in Table 6.2.

Table 6.2: Statistics on the performance of the PI controller under diurnal influent
conditions

rris Set Point Average rry; Standard Deviation Standard Standard
(mg O; g"MLSSh") | (mg O; g'MLSSh™) | from the Average rr,s | Deviation | Deviation of
from the Set OQ\usre
Point
No control 19.4 5.4 - constant flow
18.0 18.5 5.4 5.5 349
22.0 20.5 5.0 5.2 232

As shown in Table 6.2, the controller was able to meet the set point of 18 g O, m®h™ on average.
However when the set point was changed to 22 g0, mh™, the controller was unable to bring rr;
past a value of 20.5 g0, m>h™. A set point of 18 g0, m™h™ was attainable because this value is
close to the average value of rr,; measured during uncontrolled operations. Furthermore, similar

values obtained for the standard deviations of the average rr;; during uncontrolled and controlled
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simulations show that the controller is unable to attenuate the effects of high-frequency influent

variations on rr;.

The effect of different rry; set points on the concentration of biodegradable substrate in the
effluent (Ss.y and Xs.g) is illustrated in Figures 6.15 and 6.16. It is shown in these figures that the
concentrations of both Ss.y and Xs.5were lowest when rr,; was controlled to a set point of 22

g0, m>h". However, Ss.4and X4 were higher when rr,; was controlled when a set point of 18
g0, m*h* was used. The significance of these observations is that the substrate concentrations in
the effluent can be reduced if the rr,; set point is greater than the average value rr; of measured
during uncontrolled operations. The reason is that with a higher set point, the controller is able
maintain a higher concentration of active biomass by decreasing the sludge wastage rate.

Theretore. the higher concentration of biomass means that more substrate will be decomposed.
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Figure 6.15: Effect of control on the concentration of readily biodegradable substrate in the
effluent
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Figure 6.16: Effect of rr control on the concentration of slowly biodegradable substrate in
the effluent

With the high rr,; set point of 22 gO, m™>h", it was also observed that the COD of the effluent
suspended solids (XCOD,g) was greater than when a set point of 18 g O, m™h™ was used. In
other words XCOD,can be reduced from uncontrolled operations if a set point of 18 g O, m™h™*
is used. The XCOD.gover a 7-day period for controlled and uncontrolled operations are shown in
Figure 6.17. As depicted, XCOD,y is highest when the respiration rate is controlled to 22 g O, m’
3.1, whereas it is lowest when rr;; is controlled to 18 g O, m>h". The reason that XCODgis
lower when a set point of 18 g O, m™h™ is used is that the controller must increase Q\yaze in order
to bring rr; to its set point. The increased sludge wastage rates cause XCOD,4to be reduced.
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Figure 6.17: Effect of rr control on the COD of the effluent suspended solids

As demonstrated in Figure 6.18, Oyase is higher throughout the 7-day period when the set point
was at 18 g O, m™h™. The standard deviation of the average O\ at a set point of 18 g O, mh’!
was 349 m® d”!, whereas the standard deviation at a set point of 22 g O, mh™* was 232 m* d™".
The variation of Q,q« in both cases is reasonable since it follows the diurnal variations in the

influent flow rate.
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Figure 6.18: Dynamic response of the rr controller with different set points under diurnal
influent loading

6.5.5 Effect of Control on Plant Performance Under Stress Loading Conditions

The benefits of the respiration rate controller were not fully apparent in the previous analyses
because the ASP was already providing adequate treatment without control. As a result.
simulations were conducted to test the performance of the controller under the five different
loading conditions over a 35-day period. The loading scenarios were described in Section 5.4.5

and are presented again in Table 6.3.

Table 6.3: Influent Loading Scenarios

Week Influent Loading Period - Influent Loading Condition
1 day O today 7 Normal diurnal influent loading
2 day 7 today 14 50 per cent increase in the hydraulic and pollutant
loading
3 day 14 to day 21 Normal diurnal influent loading
4 day 21 to day 28 Two storm events
5 day 28 to day 35 Normal diurnal influent loading _
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Overall, the simulations with the 35-day influent loading showed that respiration rate control
improved effluent quality and reduced emergy costs over uncontrolled operations. When the
respiration rate was controlled to 18 g0, m™h™, reductions in both the effluent COD and energy
costs were observed. The benefit of control in terms of effluent quality is demonstrated in Figure
6.19 when the plant experienced a 50 percent increase in both hydraulic and pollutant loading
during week 2. Lower effluent COD concentrations were maintained throughout this week when
rr; was controlled at a set point of 18 g0, m™h™. Also notice that when the influent loading
returned to normal conditions in week 3, the controller brought the effluent quality back to
normal levels. However the effluent COD was slightly higher than normal during this week when
no control was used. The controller was also able to lower the effluent COD concentrations

during the two storm events in week 4 over uncontrolled operations.

250
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§ 150 -
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§ } ——CODeff (set point = 18)
5 !
2 100 4 “ ’
(7] Wikl} -

¥ 1
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0 T v T :
0 7 14 21 28 35
Time (days)

Figure 6.19: Effect of rr control on the effluent COD
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XCOD,5 was also substantially reduced when rr;; was controlled during week 2 in which the
influent loading increased by 50 percent. This can be seen in Figure 6.20 during days 7 to 14. The
controller managed to maintain lower effluent COD concentrations during this period because it
compensated for the increased loading by wasting at higher rates to bring rr;; to its set point.
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Figure 6.20: Effect of rr control to set point of 18 g0,/m*-h on the COD of the effluent
suspended solids

The effect of control on energy costs is depicted in Figure 6.21. The energy costs are based on the
power expended to aerate the three tanks to a dissolved oxygen concentration of 2 g m™. The
energy costs were calculated as follows:



where cost/ kWh
\
So.sT
a

n
24000.0
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ast

Daily energy cost ($/day) = Power»iw- 24

Eq. 6.1

KLa'V'Soﬂ'

Power (kW) = 27240000

Eq. 6.2

=$0.08 / kWh

= aeration volume of the three tanks (m")
= saturated oxygen concentration (mg L)
= wastewater / clean water coefficient

= specific oxygen capacity (kg O,/ kW h)

= conversion from kg to g and hours to days

1

As shown in Figure 6.21. lower energy costs were achieved under controlled operations because

lower biomass concentrations (which was Xz in this case) were maintained in the third tank by

the controller. A reduced biomass concentration potentially results in a lower oxygen

requirement. The reduction in the biomass concentration is illustrated in Figure 6.22.



117

700

(Aepg) 1509 ABaatg Aljeq

35

28

21

14

Time (days)

18)

--energy cost (set point

energy cost (no control) -« .--

Figure 6.21: Effect of rr control on energy costs
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Figure 6.22: Effect of rr control on the Xz concentration in the 3™ tank

When a set point of 22 g0, m™h™ was used, the controller was able to reduce the biodegradable
substrate concentrations (i.e. Sg and Xs) in the effluent during the weeks with normal diurnal
influent loading and during week 3 with the two rain events. However when the plant experienced
a 50 per cent loading increase in week 2, the controller was unable reduce effluent substrate
concentrations over uncontrolled operations. These observations are shown in Figure 6.23. In
fact, substrate concentrations in the effluent were lowest when there was no control. Higher
effluent substrate concentrations were observed during controlled operations because the biomass
concentration was lower than what was observed during uncontrolled operations. The biomass
concentration was lower when the plant was controlled because the controller tried to meet the set
point by wasting sludge at higher rates (which ranged from 800 to 1000 m® d™') than uncontrolled
operations (which had a constant wastage rate of 500 m’ d™).
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6.6 Summary on the Evaluation of the Respiration Rate Control Strategy

The objective of the control strategy proposed by Stephenson et al. (1981) was to maintain the
endogenous respiration rate of the sludge in the aeration tank at a set point value by manipulating
the wastage flow. The strategy is based on the concept that endogenous respiration is
representative of the active biomass concentration in the aeration tank. Therefore, by controlling
the endogenous respiration rate, the degree of treatment may be controlled. The control algorithm

used to implement the strategy was the velocity form of the digital PI controller.

The methodology used for evaluating the performance and benefits of the control strategy
proposed by Stephenson et al. (1981) was described in Section 5.4. The results are summarized as

follows:

l. By examining the open-loop response of rr; 10 a step change in Quuw. the following

observations were made:

« The response of rr;: to changes in Q.. Was slow because the first two aeration tanks
dampened the effects of changes in Q, 5.

« The relationship between rr; and O, .q. follow first-order-plus-dead-time dynamics.

» The dynamics between rr; and Q... are slow compared with the frequency of the
influent loading.

+ The sluggish response indicates that the controller will likely perform poorly under the

high-frequency variation of the influent loading.

2. According to the Nyquist stability criterion, the PI control algorithm and the tuning constants
(K. = -220. Tt = 0.1 days) implemented for the rr control strategy provide stable

performance over a range of operating conditions

3. Under constant influent loading, thé performance of the rr controller to step changes in the set
point was as follows:
« The controller was able to meet various set points with negligible offset.
+ The response of the controller to changes in the set point was slow because the first two

aeration tanks dampened the effects of changes in Q.-
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4. The following observations were made with performance of the rr controller under diurnal

influent loading:

The controller was not able to meet the set point under diurnal influent conditions
because the controller was much too slow for the high-frequency fluctuations of the
influent loading. Furthermore, oscillations in the respiration rate followed variations in
the influent. These two facts lead to the conclusion that the high-frequency variation of
the influent is the major disturbance on a control system in the activated sludge process.
The controller was able to reduce Ss and X concentrations in the effluent under normal
diurnal influent loading if the set point is higher (22 g0, m3h' was used in this case)
than the average rr;; measured during uncontrolled operations. Biodegradable substrate
concentrations in the effluent were reduced because a higher set point resulted in the
controller maintaining a higher biomass concentration by wasting sludge at lower rates. '
Conversely, T control decreased the effluent suspended solids when the set point is lower
(18 gO: m3h" in this case) than the average rr,; obtained during uncontrolled operations.
This occurred because a lower rr set point caused the controller to maintain a lower

degree of biomass activity by wasting at higher rates.

5. The rmr controller showed the greatest benefit during stress loading conditions. The

simulations revealed the tollowing results:

The effiuent COD and suspended solids concentrations were substantially reduced when
rri: was controtled at set points lower than the average rr,; measured during uncontrolled
conditions. The solids concentration was lower during both elevated loading and storm
events for controlled operations because the rise in rry.. due to the increase in substrate.
caused the controller to increase the wastage rate. thereby preventing washout of the
solids in the effluent.

rr control resulted in reduced energy costs incurred from acration. Under controlled
operations, the oxygen requirement was less because the controller maintained lower and
more constant MLSS concentrations.

rr control increased the S, concentration in the effluent when the plant experienced a 50
per cent increase in both flow and pollutant concentration. This occurred because the
controller increased the wastage rate to maintain the set point. The result was that more

biomass left the system and less S; was consumed.
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7 Evaluation of a Specific Respiration Rate Control Strategy that Uses
a Step Feed System

7.1 Introduction

This section will discuss a dynamic step feed control system for the activated sludge process
proposed by Stephenson et al. (1983). Several respirometry-based control strategies have
proposed the use of the feed distribution as a manipulated variable; they include Stenstrom
(1979), Serenson (1990), and Vitasovic (1986). The strategy proposed by Stephenson er al.
(1983) was selected for evaluation for several reasons: 1) experimental data were reported from
pilot plant studies; 2) plant operating conditions were reported; and 3) details on the

implementation of the control strategy were provided.

The control strategy proposed by Stephenson er al. (1983) involves controlling the specific
respiration rate (rr,,) in the last compartment at a set point by manipulating the influent feed
distribution in a multi-staged step feed system. The objectives of this control scheme are to
regulate the active biomass concentration as well as to control the diurnal and stress loadings on a
plant. It has been well documented (Andrews. 1977) that rr,, is a dynamic indicator of sludge
activity. the nature of the pollutants. and the MLSS concentration. Therefore by maintaining rr.,.
the MLSS concentration and sludge activity can be regulated. Furthermore. since the sludge
activity is controlled. the effluent substrate concentration may be controlled. A constant low vajue

of rry, in the last compartment indicates that the substrate concentration is low in the eftluent.

The pilot plant study conducted by Stephenson et al. (1983) will first be summarized to provide
some background information. This will be followed with a summary of results obtained from

simulations of the step feed control algorithm implemented in the pilot plant study.

The dynamic step feed control strategy proposed by Stephenson et al. (1983) was implemented
through two types of controllers. The first controller used a PI algorithm. This controller
distributed influent between the first and last compartments to maintain rr,, in the last tank at the
set point. The fraction of influent distributed between the two tanks was automatically adjusted to

minimize the difference between rr,, set point and the actual rr,, in the last tank.
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The second controller used a split-range algorithm. This controller decides how much influent is

to be distributed amongst the three tanks in order to bring the rry, in the third tank to its set point.

Implementation of the two controllers in the standard C-removal activated sludge plant will be
discussed. As well, the performance of each controller in will be evaluated. The methodology for
conducting simulations of respirometry-based control strategies, previously described in section
5, was employed to implement and evaluate the step feed control strategy proposed by
Stephenson et al. (1983).
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7.2 Review of the Pilot Plant Study Conducted by Stephenson et al. (1983) on
Dynamic Step Feed Control

72.1 Summary of Pilot Plant Study

In the study conducted by Stephenson er al. (1983), the pilot plant consisted of a three-
compartment step feed process with recycle to the first compartment. The plant was a carbon
removal system. Wastewater flow into the plant was controlled to an approximate 24-hour
sinusoidal curve with peak flow coinciding with the period of maximum influent organic. The
SRT was automatically controlled at three days. The recycle ratio was maintained at 0.5. The DO
was controlled in all three compartments with digital PI controllers. In the first two
compartments, the DO was maintained at 2 g/m3, while the DO in the last compartment was

maintained at 3 g/m3.

The pilot plant study demonstrated that the specific respiration rate in the third tank ( Iry.¢) can be
controlled to a set point of 1S mg Oy/g MLSS-h by manipulating the influent feed distribution.
I'Ty.+ Was controlled by continuously calculating the optimal feed distribution to the first and third
compartments of the step feed system. The optimal contacting pattern was determined by
minimizing the difference between the desired MLSS concentration and the actual concentration
in the third compartment. The desired MLSS concentration was based on the measured rr in the

acration tank and the rr,, set point. and is calculated as follows:

X, = Iy
T serpy
Eq. 7.1
where X = the desired MLSS concentration in the last compartment (¢/m?3)
rry = the volumetric respiration rate in the last compartment
(g0+/m3-h)
ITopiserpy = the specific respiration rate set point in the last compartment

(20./gMLSS-h)
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Stephenson et al. (1983) found that the variability in rryp3 was minimized when more influent
flow was distributed to the first compartment during high loading periods. Conversely, when the
loading was low all the influent was directed to the last compartment. The results for the step feed

control of rr,,; obtained by Stephenson et al. (1983) are summarized in Table 7.1.

Table 7.1: Dynamic Step Feed Control Results (rr, set point = 15.0 mg Oy/g MLSS-h)

Influent Loading rry in tank 3 EFOC ESS

(g BODg/g MLSS-d) (2 O/g MLSS'h)  (mgLh)  (mgL?)
0.6 150£1.8 21 x4 0x7
0.2 14.1£2.1 18+3 33+13

EFOC = Effluent Filterable Organic Carbon
ESS = Effluent Suspended Solids

Stephenson er al. (1983) reported that control of rr,,; minimized variations in the filtcrable
organic concentrations in the effluent during high organic loading periods. However. no

improvement in either EFOC or ESS was obtained during periods of low influent loading.

7.2.2  Simulation of the Pilot Plant Study Conducted by Stephenson et al. (1983)

Simulations were performed to replicate the step feed control system used in the Stephenson et al.
(1983) pilot plant study. The controller used in the pilot plant study distributed influent between
the first and third compartments of a three-compartment ASP to maintain a constant sludge
activity in the third tank. A diagram in Figure 7.1 illustrates the simulation layout of the activated
sludge plant. No influent was added directly to the second tank. As previously described.
Stephenson ef al. (1983) reported that variations in rry,; were minimized by distributing more
influent to the first compartment during high loading periods and more to the third compartment

during low loadings.
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A layout of the C-removal ASP and ., controller is depicted in Figure 7.1.
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Figure 7.1: ASP layout with rr,, control in the third compartment using two-compartment
step feed

Irsp.s Was calculated in the simulations as follows:
I'ns
XBII:S + XBA:S
Eq. 7.2
Where rr; =respiration rate in the third tank

Xsn: = heterotrophic biomass concentration in the third tank

Xgas = autotrophic biomass concentration in the third tank
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Simulations showed that rr,,; was closest to its set point of 15 mg Ox/g MLSS-h when all of the
influent was distributed to the first tank during high loading periods and 50 per cent of the
influent was distributed to each of the first and third tanks when the loading was low. The loading
was considered high when the flow into the plant was greater than 20,000 m3 d* (which is the
average flow), and considered low when the influent was below this average value. Results of the

simulations for controlled and uncontrolled cases are presented in Table 7.2.

Table 7.2: Simulation resuits (rr,, ; set point = 15 mg O,/g MLSS'h)

Simulation Scenario " Average rry, EFOC ESS

measured in 3™ tank | (mg L") (mgL™)
(mg O./g MLSS-h)

No step teed control of 77, 3 120228 16.4x2.1 238=+3.1

(all of the influent is distributed to the 1* tank)

Step feed control of rrp, 3 135%1.7 18418 27029

(High loading: 100% of influent fed to 1* tank)

(Low loading: 50% ot influent fed to 1* tank and

50% fed to 3" tank)

Mean load = 0.6 g BODs/g MLSS-d

The results in Table 7.2 show that the simulation results for EFOC and ESS are similar to the
results reported in Table 7.1 by Stephenson et al. (1983). rr,,; only reached an average value of
13.5 mg Ox/g MLSS-h in the simulations. whereas an average value of 15.0 mg O-/g MLSS-h was
obtained in the pilot plant study. The reason that rr,, ; did not reach its set point in the simulations
is that only 50 per cent of the influent was distributed to the third compartment during low
loading periods (and none during high loadings). The simulations also showed that if distribution
to the third tank was increased over 50 per cent during low loading periods. large variations in

rry, ; resulted.

[n comparing controlled and uncontrolled rr, ; from Table 7.2, EFOC (from 16.4 to 18.4 mg L™
and ESS (from 23.8 t0 27.0 mg L") increased when Irep.s Was controlled. These effluent
concentrations both increased with control because the third compartment was loaded with a
higher pollutant concentration. However as indicated in Table 7.2, the benefit of step-feed control

is that fluctuations in both EFOC and ESS decreased as a result of controlling rr,, ..
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The two-compartment step feed control of rre.+ is demonstrated in Figure 7.2 and its affect on the
effluent quality is depicted in Figure 7.3.
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- Contral of rr_ , starts on day 2.
- High loading: 100% of infiuent flow is distributed to 1st tank.
- Low loading: 50% of flow is distributed to 3rd tank.

Figure 7.2: Control of rry,; to a set point of 15 mg Ox/g MLSSh
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7.3 Application of the Benchmark (Spanjers et al., 1998a)

The benchmark, described in Section 5.2, was used to evaluate the rry, control strategy proposed

by Stephenson et al. (1983). The components of the benchmark are:

process models for the activated sludge process and the secondary clarification process
(Section 5.2.1);

influent conditions for both dry and wet weather conditions (Section 5.2.2);

values for the model parameters of the IAWQ ASMI (Henze et al., 1987) and the double
exponential settler model (Tak4cs et al., 1991) (Section 5.2.3);

set of initial values for the state variables (Section 5.2.4); and

carbon removal activated sludge plant (Section 5.2.5).

The rry, control strategy proposed by Stephenson et al. (1983) was implemented in the

benchmark plant. The operating conditions of the benchmark plant were adjusted as follows for

this simulation study:

L.

1B

The activated sludge is recycled to the first tank at a recycle ratio of 0.5 in this study instead
of 1.0 as was specified in the benchmark, because this was specified in the proposal by
Stephenson et al. (1983). .

Since a sludge retention time of 3 days was reported in Stephenson et al. (1983). a 3-day

sludge retention time was used in this study instead of the 4 days in the original plant design.

Several differences in the operating conditions existed between this simulation study and the pilot

plant study conducted by Stephenson et al. (1983):

L.

!\.)

The influent loading into the benchmark plant is much greater than that of the pilot plant. The
influent used in the simulations has an average rate of 20,000 m? d”, with a maximum to
average flow ratio of 1.5. The influent coming into the pilot plant had an average flow of
[1.52 m*d" and a maximum to average flow ratioof 1.3.

In this simulation study, the DO concentration was automatically controlled to 2 g m3 in each
of the three compartments. The DO concentration in the pilot plant was also automatically
controlled to 2 g m?3 in the first two compartments, but in the third compartment it was

controlled to 3 g m3.
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3. Different types of controllers were implemented in the two cases. The control algorithm used
in the pilot plant study involved controlling rr,,: at a set point by optimizing the feed
distribution between the first and third compartments according to the plant loading. In this
study, two feedback control algorithms were uscd to implement the control strategy proposed
by Stephenson et al. (1983).

7.4 Implementation of the Specific Respiration Rate Control Strategy

The control strategy proposed by Stephenson ez al. (1983) was implemented by applying the six-
step procedure described in Section 5.3:

1. Identify the objective of the respirometry-based control strategy.

2. Identify the input and output variables of the control system.

3. Identify the implied control configuration.

4. Determine the appropriate control algorithm.

5. Tune the controller.

6. Determine the appropriate range of variation for the manipulated variable.

74.1 Objective of the Control Strategy

The objective of the rr,, control strategy proposed by Stephenson ef al. (1983) is to maintain a
constant low value of rr, in the last compartment so as to control the effluent substrate
concentration. A constant low value of rry in the last compartment (rry, ;) indicates that the

substrate concentration is low in the effluent.

7.4.2 Input and Output Variables of the Control System

The controlled variable is rry, ;. The manipulated variable is the split fraction or distribution of
influent to the third tank (o). Note that the influent flow is composed of the wastewater stream

and the return activated sludge stream.
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7.4.3 Implied Control configuration

The control configuration is a feedback loop since the amount of influent fed to the third

compartment depends on the value of rr, ;.

74.4 Control Algorithm

Two different feedback control algorithms were used to implement the specific respiration rate
control strategy proposed by Stephenson et al. (1983): the velocity-form of the digital PI
controller and the split range controller.

The digital PI controtler distributes influent between the first and third compartments (o bring
Irps 10 its the set point. The fraction of influent distributed between the two tanks was
automatically adjusted to minimize the difference between the ITsp.: Set point and the actual rr,p;
measured in the third tank. The macro for the step feed system with the PI controller is provided
in Appendix B.3.1. The diagram of the PI controller implemented in the benchmark plant is
depicted in Figure 7.4.
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Figure 7.4: Configuration of the PI controller in the henchmark plant

The split range control scheme enables a single process output (rry,. s in this case) to be controlled
by coordinating the actions of several manipulated variables. all of which have the same effect on
the controlled output. With split range control. each manipulated variable is assigned a “range” of

the controller output.

The split range controller automatically adjusts the distribution of influent amongst the three
aeration tanks to bring rr,,: to its set point. This controller manipulates the influent flow
distribution between the first and third compartments until the fraction of flow going to the third
compartment exceeds 50 per cent. When this value is reached, the split range controller
distributes the influent between the second and third compartments to bring rr, ; to its set point.
The third compartment receives a maximum of 50 per cent of the total influent flow because
loadings greater than this amount caused large fluctuations in rry3, Which could not be reduced
by the controller. A diagram of the split range rr, ; controller in the benchmark plant is shown in
Figure 7.5.
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Split range control of rr,,; was implemented in the benchmark plant by designing two velocity-
form digital PI controllers. One controller adjusts the feed distribution between the first and third
compartments (PlLiu), and the other manipulates the feed distribution between the second and
third compartments (Pl;). As long as the feed distribution to the third compartment remains
below 50 per cent of the total influent loading, Pl remains active. As soon as distribution to
the third compartment exceeds 50 per cent, Pleia is activated and Pl is deactivated. When
Pl is activated, the flow distribution to the first compartment is fixed at 50 per cent of the total
influent loading (this includes wastewater and return activated sludge), and the remaining 50 per
cent is distributed between the second and third compartments to bring the rr,,; 1o its set point.

The feed distribution of the split range controller is presented in Table 7.3.

................................................................... -
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L
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Activated
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Figure 7.5: Implementation of the split range controller in the benchmark plant
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Table 7.3: Feed distribution for the split range controller

PI controller o, (0 2 o

PlLgiint 010 0.50 0 010 0.50

Plsplitl 0.50 l - (13 0 to 0.50

o, = split fraction of total influent flow to compartment [

The macro for the split range controller is provided in Appendix B.3.2.

74.5 Design or Tuning of the PI Controller and the Split Range Controller

The parameters of the two digital controllers, K¢ and 7), were initially tuned by evaluating the
process reaction curve, fitting an approximate first-order-with-dead-time model, and using the
Ciancone tuning correlations (Marlin. 1995). The process reaction curve was obtained by first
bringing the system o steady-state, then introducing a step change in o, and finally recording the
response of the rry,; until a new steady-state is reached. A step change in o3 was performed

because it directly aftects the controlled variable, I

It was discovered that control of rr,,.: was affected by the DO controller in the third compartment.
This interaction between the DO controller and the rry,; will be discussed in detail in the
following section. To reduce the adverse effects on the rr,, controller. the DO controller in the
third compartment had to be de-tuned from its single-loop tuning. This involved reducing the
value of K. and increasing the value of T; for the DO controller from their single-loop values. De-
tuning of the DO controller in the third compartment was performed prior to fine-tuning cach of

both the PI controller and the split range controller.

Fine-tuning of K¢ and T; for the PI controller and the split range controller involved measuring
the performance of the controller to changes in the set point under constant influent conditions.
Values of the control parameters were adjusted until the controller’s response became

satisfactory, with a minimized ISE value and short settling time.

Therefore, optimum values of the parameters for the single velocity-form PI controller were
determined to be:
K, = 80,000
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Tiyr = 0.005 days
Optimum parameter values for the DO controller in the third compartment were found to be:

Kc.DO = 10.0
0.5 days

Tipo

where K.; is the proportional gain for loop i.

T} is the integral time for loop i.

Tuning of the split range controller involved the same procedures as for the single PI controller.
The control parameters of the two PI controllers in the split range scheme are equal in value and
remain constant throughout the simulations because the process dynamics for the two closed-loop
paths are the same. As previously described, the Pl controller automatically distributes
influent between the first and third tanks to bring rry,; to its set point until the fraction of the
influent fed to the third tank exceeds 50 per cent. At this split fraction, Pl is deactivated and
Pl is activated to distribute influent between the second and third tank. The final control
parameters were calculated to be as follows:

K spiit = Kespiiz = 80,000

Ty spiier = T iz = 0.005 days

where K. and K, i are the proportional gains for Pl and Pl respectively.

Tyspiinr and Ty gpp2 are the time integrals for Pl and Pl respectively.

The DO controller in the third compartment was similarly de-tuned for the split range controller
as previously described. Final values for the DO control parameters are:

Kepo = 10.0

Tipo = 0.5 days

The sampling time interval for both the 2-tank PI controller and the split range controller was

every 15 minutes.
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7.4.6 Range of Variation for the Manipulated Variable

Distribution of the influent to the third compartment had to be limited to 50 per cent of the total

loading. Values greater than this caused large oscillations in rry, ;.
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7.5 Performance of the Specific Respiration Rate Control Strategy

The dynamic performance of both the single PI controller and the split range controller were
examined with the five different types of tests described in Section 5.4. This involved examining
both open-loop and closed-loop performances. Assessment of the open-loop dynamics involved
obtaining the response of 7y, ; to a step change in feed rate to the third compartment. The closed-
loop dynamic- performance of each controller was examined under three different influent
conditions: constant influent, normal diurnal influent, and stress loading conditions. A stability

analysis of the control system was also conducted.

7.5.1 Open-Loop Dynamic Behaviour

The dynamic behaviour between rr,, : and the feed rate to the third compartment (Q,:) provides
important information on the performance of the feedback control system. Since both the PI
controller and the split range controller have the same manipulated and controlled variables. only
one set of opcri-loop response analyses was conducted. The open-loop analysis involves
observing the uncontrolled response of rr,,: 10 a step change in Q... To investigate the interaction
between the DO controller and the rr, ; controller, the open-loop analysis was performed both

with and without DO control.

The fellowing procedures were performed to obtain the process reaction curve of rry, (in response
to changes in Q,::

1. Under constant influent conditions, allow the process to reach steady state.

2. Astep change in @; was introduced and the subsequent response of rr,, ; was recorded.

3. The process was allowed to reach a new steady state.

7.5.1.1 Open-loop response of rr,, without interaction from the DO controller

The open-loop response of rry,; 1o a step change in Q: is depicted in Figure 7.6. In this
simulation, the DO controller was disabled in the third compartment and Q,: was increased from
10 to 5000 m3d™* on day 3.
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Open-Loop Response of rry,;to a Step Change in Q4
(without DO Control in Tank 3)
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Figure 7.6: Open-loop dynamic behaviour hetween rrp: and @y (with DO controller
disabled)

As shown in Figure 7.6, rry.s quickly increases with an increase in Q.. This shows that there is a
good causal relationship between rry, ; and Q,.. The shape of the response curve of rry, s indicates
that the dynamic relationship between rreps and Q@ is first-order-plus-dead-time. Values

characterising the first-order dynamics were found to be:

K, = 1.4E-05 m
T = 2.16 minutes
6 = 0.0 minutes

These parameters were calculated by employing the process reaction curve, method [I (Marlin.
1995). K, is the ratio of the magnitude of change in ITy.3 10 the magnitude of change in Q.. The

low value of K, reveals that the magnitude of the response of rr,; was modest compared to the
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large change in Q... The low value obtained for T and a zero dead time show that I'Tep.3 TESpONAS

quickly to a change in Qy;.

75.1.2  Effect of DO control on the open-loop response of rr, ;

With the DO controller in automatic, it was observed that a step change in Q,; caused rry,; to
overshoot from 16.4 tol6.6 mg O, g'MLSS-h™, rryp then settled to a new steady state value of
164 mg O; ¢'MLSS-h’. The overshoot in rryp.3 degrades the performance of the rry, controller
and is caused by an interaction between the DO controller and the rr,, controller in the third
compartment. Processes using the multiloop approach for multivariable control, meaning multiple
single-toop controllers are used in the process, often experience interaction among the individual
control loops. These single-loop controllers are completely independent algorithms and do not
communicate directly among themselves. Therefore. in examining the dynamics of the rr,, control
system. the effects of multiloop interaction with the DO controller must be considered. This was
accomplished by:

1. Obtaining the open-loop response of rr,, ¢ to a step change in Q,; with the DO controller in

automatic.

19

. Calculating the quantitative measure of interaction.

3. Examining the performance of the rr,, control loop under various degrees of DO control.

By de-tuning the DO controller in the third compartment, the initial overshoot was minimized.
This involved decreasing the value of K. and increasing the value of 7. The result of de-tuning
the DO controller on the open-loop response of rr,,: to a step increase Q,; is depicted in Figure
1.7.
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Effect of De-Tuned DO Controller on Open-Loop Response of Irep3to a Step Change in
Qs
(DO Control in Tank 3: Kc=10, Ti=0.5d)
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Figure 7.7: Open-loop response of rr,, ; to a step change in the Q,; with the DO controller
enabled and de-tuned in the third compartment.

As shown in Figure 7.7, the small initial overshoot of Ty i TESpoONse o a step change in Q.

illustrates that the de-tuned DO controller still exerts an influence on the r,, controller.

Further evidence that an interaction exists between the rr,, controller and the DO controller in the
third compartment can be seen from the open-loop responses of rrep: 0 a step change in Kja in
the third compartment (K;au), and of DO in the third compartment (DO,;) to a step change in Q..
The responses of rr,3 and DO,; are depicted in Figures 7.8 and 7.9 respectively. The usual
procedures were carried out to obtain the open-loop step responses of both rrys and DOz 1)
allow the process to reach steady state, 2) introduce a step change in the input variable, and 3)

collect the input and output response data until the process reaches a new steady state.
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Figure 7.8: Open-loop response of rr,, ; to a step change in K;a,; (with DO controller de-
tuned)

As shown in Figure 7.8. the K;a,; was increased from 68.245 to 88.245 d”! on day 4. The response
of rry, ; is fast. and is characterized by an initial overshoot to 13.0 mg O-/g¢ MLSS-h and then a
sharp decrease towards the new steady state value of 12.9 mg O,/g MLSS-h. The value of T for
the open-loop response of rry,; was calculated to be about 1.44 minutes. No dead time was

observed in the response of rr, ;.
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Figure 7.9: Open-Loop response of DO in 3" compartment to a step change Q;

The response of DO,: to a step increase in Q,: on day | is characterized by quick decrease in

concentration. The value of T for the dynamic response of DO is about 21 minutes. and there was

no dead time observed.

The interaction between the rr, ;-Q;: control loop (shown in Figure 7.7) and the DO,~Kpa,:
control loop can now be explained from Figures 7.8 and 7.9. The initial overshoot of rr,: when
the DO controller was enabled, shown in Figure 7.7, is caused by an increase in the Kya,:. Kpap:
increased when Q,; increased because the DO controller was trying to compensate for the drop in
the DO concentration. The decrease in the DO concentration in the third compartment was caused
by the increase in Q,;. The step response of rr,;, shown in Figure 7.8, confirms that the initial
overshoot observed in Figure 7.7 was caused by the increase in K;a,:. The step response of DO,;.
depicted in Figure 7.9, confirms that the DO,; decreases upon an increase in Q,;. Thus, the open-
loop responses depicted in Figures 7.8 and 7.9 indicate that a two-way interaction exists between

the rry, --Qy: and DO,;-K a,; control loops.
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The regulatory action of the rry, -0 control loop causes the DO,; to deviate from its set point.
This prompts the DO controller to compensate by increasing or decreasing Ka,;, which then
affects the value of rry, ;. This two-way interaction is referred to as transmission interaction and
exists when a change in the set point of one controller affects its controlled variable through a
path that includes another controlled variable and controller. A diagram depicting the interaction

between the rr,; and DO controllers is shown in Figure 7.10.

Qyts)

[T, SPy(s) 3 Gyl 1= » Guls) + + —® ()

— | — Gufs) ) Gyt
F——nDts)

P G, () Gyf)

+
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DO SP.($) G_.(5) Koats) Gls) \ + )} + % X))

Figure 7.10: Block diagram showing the interaction between the rr;3 and DO controllers

where  rry, SPi(s) = IT,, set point
DO SPx(s) = DO set point
G.(s) = T, controller transfer function
Gea(s) = DO controller transfer function
Qu(s) = Influent flow rate to the third compartment
Gu(s) = Transfer function for relationship between Ty and Q;(s)

I, (5)

Qi;(s)




Gia(s)

Ga(s)

Gax(s)
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Transfer function for relationship between rr;, and
K[_a

IT,;, (5)

K a(s)

Transfer function for relationship between DO and
Q

DO(s)

Qu(s)

Transfer tunction for relationship between DO and
K[_a

DO(s)
K, a(s)

75.1.3 A quantitative measurement of the interaction hetween the rr,, controller and the
DO Controller in the third compartment

A quantitative measure of interaction among the control loops is the relative gain array (RGA).

The RGA is a matrix composed of elements defined as ratios of open-loop to closed-loop gains as

expressed by the following equation. which relates the jth input and the ith output.

where A;
CV;
MYV,

i =

acv, acv,
MV, R EY
JMV, =const.k=j - 1 Jother loops apen
acy, aCcv,
MV, oMy,
CV, =const. k=i 1 Jother loaps closed
Eq.7.3

relative gain of output / for a change in input j

output { is the controlled variable

input j is the manipulated variable
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Consistent with prior terminology, the open-loop gain (Kj;) is the change in output { for a change
in input j with all other inputs constant (for stablc processes) (Marlin, 1995). Closed-loop gain
refers to the steady-state relationship between MV; and CV; with all other control loops closed

(i.c. in automatic).

The relative gain is a useful measure of interaction. A relative gain of 1.0 signifies that the
process gain is unaffected by the other control loops and that no (transmission) interaction exists.
Thus. the amount by which the relative gain deviates from 1.0 indicates, in some sense, the

“extent” of transmission interaction in a quantitative manner.

The expression in Eq. 7.3 suggests that both open-loop and closed-loop data are required to
determine the relative gain. However, the relative gain can be calculated from the opcn-loop data

alone. which can be determined by rearranging Eq. 7.3 to give.

v, MV,
i MV, aCV,

MV, =const. k= TV, =const.k =

Eq. 7.4

For a system with two inputs and two outputs. i.e. a2 2 X 2 system. the (1.1) element of the relative
); p p Y

@ain array can be shown to be:

L

AAmmem—
if

Lo KKy

K.K.

Eq.7.5

Furthermore, the rows and columns of the relative gain array sum to 1.0. This property enables

2X2 systems to be characterized by the A, element, as follows:
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MV, MV,
cv, Ay 1-Ayy
CV, I-Ayy A

Marlin (1995) warns that the relative gain calculation can be very sensitive to errors in the
process gain (Kj) calculation. He suggests that the best method for accurately determining the
process gain is to derive an analytical model and evaluate the process gains from analytical
derivatives. However, few complex industrial processes, such as the activated sludge process in
this study, can be accurately modelled by sets of equations small enough to be conveniently
manipulated analytically by hand. According to Marlin (1995), another accepted approach to
determining the process gain is to perform a separate simulation where each input MV; is changed
by a small amount from the steady state and observing the change in the output CV, from the
steady state. In other words. the process gains are calculated using the equation below. and the

relative gain array is calculated with Eq. 7.5.

g o CViMY.MV..... MV, +AMV,...) =CV,(MV,.MV....)
" AMV,

Eq. 7.6

Thus for the 2X2 system in the third compartment. let

rre.~Qus loop = loop #1
. = CcVv,

Qu: = MV,
DO -Ka = loop #2
DO = CV:
Kray = MV..

The process gains were calculated using Eq.7.6 and were found to be as follows:
Arr,

sp.3

Kll =

AQ:S
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= 9.3E-06 m?3

AQ,
= -1.5E-04 g-d m'®
K, = &'
AK,a,,
= . 282E04

o - ADO,,
AK,a,,

= 0.055 g-d m3

The above process gain values were used in Eq. 7.5 to calculate A;. The resulting relative gain

values are:

At = Relative gain between rr,, ; and Q,;
(Arrxp.} /AQIS )KL".'\
(Al'rxp.." /AQI3 )[)0,3

= 0.924

Ala = Relative gain between rr,, ; and K;a,.
(Arr,,,.3 /AK  a,, )Q”
(Arr,:, /AK,a,, )bo,,
= I-Ayy
= 0.0764

A = Relative gain between DO,; and Q,,
(ADOI3 / AQ13 )Kla,_‘
(ADOt3 /AQIS )rru

= I-Ay
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= 0.0764

Asr = Relative gain between DO,; and K, a,;

(AD013 /AKLarS )Q,,
(ADOB /AKLal3 s

= A-u
T = 0.924

The smaller the value of A, the larger the interaction between control loops 1 and 2. Thus a value
of 0.924 for A, indicates that some interaction does exist between the IT,, controller and the DO
controller, and that as K«,; varies it affects the steady-state value of Iry.a. Similarly, the value for
A.: indicates that as Q,; varies it slightly affects the steady-state value of DO,:. The values for Ay,
and A»» are close to 1.0 because the DO controller for the third compartment was de-tuned. The
values of A2 and A are obviously low because of the strong interaction between rre.s and O
and DO, and Kq,.. respectively. Thus from the relative gain analysis. the interaction between the
iy, controller and the DO controller is low and therefore should not significantly impede the

performance of either the PI controller or the split range controller.

7.5.1.4  Effect of multiloop interaction on the performance of the rr,, controller

Four scparate simulations were performed under variable influent loading conditions (0
demonstrate the effect of the DO controller on the split range ., controller. Each simulation
shows the performance of the rr,, controller under varying degrees of DO control. The integral of
the squared error of rry, ; from its set point is used as a measure of the performance of the

controller. This is presented in Table 7.4.

Table 7.4: Effect of DO Controller on the Split Range rr,, Controller

Run Degree of DO control * ISE°
1 DO control disabled in 3™ compartment® 2.16E-05
2 De-tuned DO control in 3™ compartment® 2.66E-05
3 DO control disabled in all three compartments 2.50E-05
4 De-tuned DO control in all three compartments * 2.88E-05
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1. Unless specified, control parameters for the DO controller in compartments | and 2 are:
K=K2=300
Ty, =T;; = 0.05 days
DO control was enabled in compartments | and 2.
DO control was enabled in compartments 1 and 2. De-tuned control paramecters for DO controller in
compartment 3 were: K. = 10.0, Tj; = 0.5 days
4. Control parameters for DO controllers in all three compartments were de-tuned as follows:
K=K.=K;=100
Ty = Ty =T;; = 0.05 days
5. ISEis the integral of the squared error and gives a measure of the deviation of Ire s from its set point
value of 15.0 mg Oy/g MLSS-h. The ISE values are based on a 7-day simulation penod

w 1

The ISE values for runs 1 and 2 in Table 7.4 show that the rryp 3 deviates slightly more from its set
point when DO control is enabled in the third compartment. The ISE values for runs I,3and 4
also reveal that the deviation of rr,,; from its set point increases as DO control in all three
compartments is relaxed. The reason for this is that when DO control is relaxed, higher
fluctuations occur in the DO concentration. which in turn cause greater fluctuations in the rr, ..
Therefore, interaction between the DO controller and the ITg, controller can be minimized by
maintaining full control of the DO concentration in the first and second compartments and de-

tuning the DO controller in the third compartment.

7.5.2  Stabhility Analysis

The Nyquist stability criterion was employed for assessing the stability of both the PI rr,,
controller and the split range rr, controller. Since both controllers have the same controlled and
manipulated variables and the same tuning. identical Nyquist plots were calculated for both
controllers. The Nyquist plot is shown in Figure 7.11. The solid line covers the frequency range ()
S @ < +eo, and the dashed part covers the frequencies from —es to (). The dashed segment of the

Nyquist plot is the mirror image of the solid-line segment with respect to the real axis.
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Figure 7.11: Nyquist plot for the hoth the PI controller and split range controller

The plot in Figure 7.11 shows that the point (-1,0) is not encircled. Thus according to the Nyquist
stability criterion. the closed-loop responses of the two T, controllers to a range of input
frequencies is stable. This implies that the PI tuning constants. K. = 80.000. T, = 0.0035 days.

calculated for both controllers give stable performance over a range of operating conditions,

7.5.3  Control Performance Under Set Point Changes

The dynamic responses of both the PI and split range controllers to step changes in the set point
were examined.

7.5.3.1 Performance of the 2-tank PI controller In response to set point changes

The ability of the PI mry,3 controller to meet set point changes under constant influent conditions

was tested and is demonstrated in Figure 7.12. The set point was first changed to 15.0 mg O, g
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MLSS h™, then it was changed to 20.0 mg O, ¢ MLSS h after day 3, and finally to 12.0 mg O,

= 029

5.

I3 (Mg O,/g MLSS-h)

25.0

20.0 1

5.0

0.0

15.0 4

10.0 +

012345678 9101112131415161718192021

Time (days)

‘ - -+ set point

rrsp,3

Figure 7.12: Closed-loop response of the PI rr,,; controller to changes in the set point

Table 7.5: Performance of rr,,; PI controller to step changes in the set point

MLSS h'' after day 9. Statistics on the performance of the controller are presented in Table

Time rrp.s Set Point Average rry, ; Standard Setding Time of
Interval (mg O: g' MLSSh™") | (mg O, g'MLSS h') Deviation I~
(days) from Set Point (days)
Oto3 15.0 15.1 0.604 0.55
3109 20.0 20.0 0.305 0.60
9102l 12.0 12.7 0.769 Does not settle
to set point

The PI controller is able to meet each new set point with little or no offset. This is shown in

Figure 7.12 and by the relatively low values obtained for the standard deviations of rr, ; (Table
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7.5) from each set point. Additionally, the controller was able to bring rre, 3 to set points of 15.0
and 200 mg O, g MLSS h' relatively quickly with relatively short settling times. The PI
controller was unable to meet a set point of 12.0 mg Oa g" MLSS h'. The offset value was 0.7
mg O; g MLSS h™'. A likely reason why the controller did not meet the set point of 12.0 mg Oz
¢! MLSS h™ was that endogenous respiration (which occurs in the absence of substrate) was

already occurring at 13.0 mg O; g MLSS h in the third compartment.

7.5.3.2 Performance of the split range controller in response to set point changes

Similar results were obtained when the response of the split range controller was tested for
meeting set point changes under constant influent conditions. The controller’s response is

depicted in Figure 7.13. Statistics of the test are presented in Table 7.6.

25.0 i
|
!
!
200 - |
= :
9 :
9 150 | i
3 |
=
Q '
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E 100 - f:
&
5.0
0.0 . . ;
01 2 3 465 6 7 8 910111213 141516 17 18 19 20 21
Time (days)
rrSp,3 Set POiNt v [rsp,3 }

Figure 7.13: Closed-loop response of the Split Range rr,,; controller to changes in the set
point



154

Table 7.6: Performance of Split Range rr,, ; Controller to Step Changes in the Set Point

Time Iy s Set Point Average rryp Standard Settling Time of
Interval (mg O, g MLSS-h™) (mg O, g MLSS by Deviation [Topes
(days) from Set Point {days)
Otw?7 15.0 15.0 0.394 0.85
3109 20.0 20.0 0.299 0.65
91021 12.0 127 0.843 | Does not settle
o set point

The plot in Figure 7.13 and statistics shown in Table 7.6 reveal that the split range controller

performs similarly well as the PI controller in meeting new set points.

7.5.4 Control Performance Under Diurnal Influent Conditions

7.54.1 Dynamic performance of the 2-tank PI rr,, controller under diurnal influent

conditions

The dynamic performance of the PI controller was examined under diurnal influent loading
conditions. Recall that this controller distributes the feed between compartments 1 and 3 only.
The ability of the controller in maintaining rr,, : at set points of 15.0) and 20.0 mg O; ¢’ -MLSS h'!
is shown in Figure 7.14. The graph shows that IT5p.1 follows the fluctuations of the influent flow
and oscillates around the set point. The plots in Figure 7.14 also show that the PI controller is
unable to attenuate the effects of high-frequency influent variations on rry.s. Therefore. rr,, . will

likely never settle towards its set point.

The dynamic response of the PI controller in bringing rry. 110 @ set point of 15.0
mg O, g'MLSS-h™! during diurnal loading conditions is depicted in Figure 7.15. The feed tlow
into the 1* and 3™ compartments (Q,; and Q,») vary according to the diurnal variations observed in

the influent wastewater.



30

)
&
| ;’
= ] sp,3 (set point = 15)
:3‘ rrsp.3 (set point = 20)
o uncontrolled rrsp,3
E
4

5 .

0

0 1 2 3 4 5 6 7
Time (day)

Figure 7.14: Performance of the 2-tank PI controller in maintaining the set point under
diurnal influent conditions
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Figure 7.15: Dynamic response of the 2-tank PI controller showing adjustments in the
influent flow into to the 1* and 3" compartments (rr,, 3 set point = 15 mg O,/g MLSS-h)
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Statistics on the performance of the PI controller in regulating the different Tep.3 SCL points under

diurnal influent conditions are presented in Table 7.7.

Table 7.7: Statistics on the performance of the 2-tank PI controller under diurnal influent
conditions (2-tank step feeding)

rry.3 Set Point Average rry 3 Standard Standard | Standard Standard
(mg O, g'MLSSh™") | (mg O, g'MLSSh) | Deviation from | Deviation | Deviation | Deviation

the Average rr,,; | fromthe of Qy of Qs

Set Point
No control 13.0 3.90 - Flow to -
tank! only
15.0 15.6 2.56 2.61 8010 4350
20.0 19.9 2.38 2.38 8776 4828

The average value of rr,,;. shown in Table 7.7, for the controlled cases reveals that the PI

controller is able to meet the set point on average. Also note that the standard deviation values

from the average rr, ; are lower in the controlled cases than in the uncontrolled case. This shows

that the Pl controller is able to reduce fluctuations in rr,, ;, which implies that the controller might

reduce variations in the active biomass concentration in the third compartment.

The effect of different rry, s set points on the effluent biodegradable substrate concentrations (Ss.7

and Xs.q) arc illustrated respectively in Figures 7.16 and 7.17. As shown in Figure 7.16. Ss.;

increases when rry, + is controlled. The reason Ss.g increases is that the PI controller must raise the

feed rate to the third compartment in order to bring rr, : up 10 set points of 15.0 and 20.0 mg O-

a'MLSS-h". Furthermore. it is shown in Figure 7.16 that fluctuations in Sy, arc reduced when

rre.s is controlled. These results are consistent with those found by Stephenson et al. (1983).

Plots of X,y under diurnal loading conditions in Figure 7.17 indicate that PI control of ITyp.2 has

negligible effect on X,.4.
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Figure 7.17: Effect of PI control under diurnal influent conditions on the slowly
biodegradable substrate concentration in the effluent

7.54.2 Dynamic performance of the split range rr,, controller under diurnal influent
conditions

The dynamic performance of the split range controller was also examined under diurnal influent
loading conditions. Recall that this controller distributes influent amongst all three compartments.
Statistics of the controller’s performance are presented in Table 7.8. The performance is also
depicted in Figures 7.18 and 7.19.

The ability of the split range controller in maintaining rr,, ; at set points of 15.0 and

20.0 mg O, g"-MLSS h is similar to that of the PI controller. The graph in Figure 7.18 shows
that rry,; follows the fluctuations of the influent flow and oscillates around the set point.
Furthermore, it is evident that the split range controller is unable to attenuate the high-frequency
variations of the influent.
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The dynamic response of the split range controller in bringing rr,, 1o a set point of
15.0 mg O, g"MLSS-h™* during diurnal loading conditions is depicted in Figure 7.19. The feed
flow to all three compartments vary according to the diurnal variations observed in the influent

flow rates.

In comparing the performance of the PI and split range controllers under diurnal loading
conditions, the PI controller meets a set point of 20 mg O, g*MLSS-h" slightly more often than

the split range controller. However, there are smaller fluctuations in Q,; with split range control.

Table 7.8: Statistics on the performance of the split range controller under diurnal influent
conditions (3-tank step feeding scheme)

rry.: Set Point Average rry Standard Standard | Standard Standard Standard
(mg O g'MLSSh?) | (mg O, g'MLSS-h') | Deviation | Deviation | Deviation | Deviation | Deviation
from the from the of Qu of O of Q.
Average Set Point
RACX)
No control 13.0 3.90 - Flow to -
tank! only
15.0 15.5 2.61 2.64 7917 4144 657
20.0 18.8 2. 3.19 7319 3459 795
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The effects of the split range controller on the biodegradable substrate concentrations in the
effluent are depicted in Figures 7.20 and 7.21. As demonstrated in Figures 7.16, 7.17, 7.20 and
7.21, it seems that both the PI controller and the split range controller did not improve the effluent

biodegradable substrate concentrations over uncontrolled operations.
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Sseff (rrsp,3 setpoint=20) - Sseff (No control)

Figure 7.20: Effect of split range control on the readily biodegradable substrate
concentration in the effluent
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Figure 7.21: Effect of split range control on the slowly biodegradable concentration in the
effluent

7.5.5 Effect of Control on Plant Performance Under Stress Loading Conditions

Simulations were conducted to test the performance of the controller under the five loading
conditions over a 35-day period. The loading scenarios described in Section 5.4.5 are presented
again in Table 7.9.

Table 7.9: Influent Loading Scenarios

Week | Influent Loading Period Influent Loading Condition
1 day 0 to day 7 Normal diurnal influent loading
2 day 7 to day 14 50 per cent increase in the hydraulic and pollutant
loading
3 day 14 today 21 Normal diurnal influent loading
4 day 21 to day 28 Two storm events
5 day 28 to day 35 Normal diurnal influent loading
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No observable differcnces were observed between the PI and split range controllers in terms of
performance in maintaining the rry, :at the set point under the various loading scenarios. This can

be seen from Figures 7.22 and 7.23.



164

&
o

w
[3,)
—

[A)
o

N
wn

s (1S P, 3 set point:

resp,3 f

-
[$)]

rrsp,3 (g02/ gMLSS h)
n
o

-
o

L8]

o

0 7 14 21 28 35
Time (days)
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The step feed control systems did not show any improvements in the effluent quality over
uncontrolled operations. This is demonstrated by effluent COD concentration in Figure 7.24.
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F—cooeff (spit range control) — - —— CODeff (P! CORtrol ----------- CODeff (no control)
Mfyp. S8t point = 15 mg O,/g MLSS'h

Figure 7.24: Effect of rry, ; control on the effluent COD

Furthermore, the rry, 3 controllers did not demonstrate any impacts on energy costs. The daily
energy costs were calculated using equations 6.1 and 6.2. The impact of the PI controller and the
split range controller on the daily energy costs is shown by Figure 7.25.
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Figure 7.25: Effect of rr,, 3 control on the daily energy costs

The only observable impact that the two controllers had over the uncontrolled case was the
readily biodegradable substrate concentration in the effluent. This is demonstrated in Figures 7.26
and 7.27. It is shown in these figures that S.g increases when rry, ; is controlled. The reason for
this is that the controller must increase Oy to bring rry, ; to the set point, which is higher than
uncontrolled rates. The result of increasing Q,; is an increase in the Ss concentration in the 3™
compartment. The effluent consequently contains more S; because the wastewater coming into the

3" compartment receives less treatment time.



167

Effluent S, Concentration (gCOD/m?)

Time (days)

Sseff (N0 control) === Sseff (with control, rrsp set point = 15)

Figure 7.26: Effect of PI control on the readily biodegradable substrate concentration in the
effluent
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7.6 Summary on the Evaluation of the Specific Respiration Rate Control Strategy

The specific respiration rate control system proposed by Stephenson et al. (1983) was evaluated
according to the methodology described in Section 5. This control strategy involved controlling
the specific respiration rate in the last compartment at a set point by manipulating the influent
feed distribution in a multi-staged step feed system. In addition to introducing a method for
regulating the sludge activity, this strategy also provides a means for controlling the diurnal and
stress loadings on a plant. A constant low value of rr,, ; in the last compartment indicates that the

substrate concentration is low in the effluent.

The control strategy proposed by Stephenson er al. (1983) was implemented through two types of
digital feedback controllers. The first controller used a PI algorithm and the second controller

used a split-range algorithm.

The 2-tank digital PI controller distributes influent between the first and third compartments to
bring rry,.: 10 it’s the set point. The fraction of influent distributed between the two tanks was
automatically adjusted to minimize the difference between the rry,: set point and the actual

measured rrgp 1.

The split-range controller automatically adjusts the distribution of influent amongst the three
aeration tanks to bring rre.: to its set point. This controller manipulates the influent flow
distribution between the first and third compartments until the fraction of flow going to the third
compantment exceeds 50 per cent. When this value is reached, the split range controller then
distributes the influent between the second and third compartments to control rr,, ;. Split range
control of rry,; was implemented by designing two velocity-form digital PI controllers. One
controller adjusts the flow distribution between the first and third compartments (Pl,,;,). and the

other manipulates the flow distribution between the second and third compartments (Ply;c2)-

The results of the evaluation of the specific respiration rate controllers are summarized as

follows:



!J

170

By cxamininé the open-loop response of rry,: to a step change in Q,, the following

observations were made:

« The response of rr, s to changes in Q,; was very quick.

« The relationship between rr,; and Q,: follow first-order dynamics when the DO
controller in the last compartment was disabled.

« Interaction exists between the rr, controller and the DO controller. When the step feed
rate to the third compartment increases the DO concentration drops. The DO controller
responds to this drop by increasing K;a to bring the DO concentration back to the set
point. The increase in K;a consequently causes the I'Ty.3 10 Overshoot.

« A relative gain analysis showed that Lhe_intemction between the rr, ;-Q,; loop and the
DO,+-K,a,: loop was low and should not significantly impede control performance when
the DO controller in the third compartment is de-tuned.

« It was found that the I, controller performed best when full DO control (K, = 30. T, =
0.05 d) was used in the first two compartments and de-tuned DO control (K. = 10. T =

0.5 d) was employed in the last compartment where rryp.: Was controlled.

According to the Nyquist stability criterion. the tuning constants (K. = 80.000. T, = 0.005 d)
calculated for both the 2-tank PI and the split range controllers provide stable control

performance over a range of operating conditions.

Under constant influent loading. the performance of the 2-tank PI and split range controllers
to step changes in the set point were found to be as follows:

+  Both controllers were able to meet various set points quickly and with negligible offset.

+ Both controllers were unable to meet set points lower than the average value of rr,;

measured during uncontrolled operations.

The following results were observed on the performance of the 2-tank PI and split range

controllers under diurnal influent loading:

» Both controllers were unable to meet the set point under diurnal influent conditions
because of the high-frequency variations of the influent loading. Furthermore, oscillations
in the respiration rate followed variations in the influent. These two results lead to the
conclusion that the high-frequency variation of the influent is the major disturbance on

control systems in the activated sludge process.
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« The readily biodegradable substrate concentration in the effluent increased when both PI

-and split range control was employed to regulate rry, ;. Both controllers did however

reduce fluctuations in the readily biodegradable substrate concentration in the effluent.
These observations were also reported by Stephenson et al. (1983).

5. Simulations with the 2-tank PI controller and split range controller operating under stress
loading conditions failed to show any real benefits in terms of effluent quality and energy
costs over uncontrolled operations. The only impact that the rry, controllers seem to have on
plant performance was an increase in the readily biodegradable substrate concentration in the

effluent.
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8 Respiration rate activity control strategy proposed by Sekine et al.
(1988)

The control strategy by Sekine er al. (1988) proposes to control a parameter called the respiration
rate activity (rTuwip) in a cascade control configuration. rr.cqyiy is ratio of the specific endogenous
respiration rate (r7,.q) to the specific respiration (rr,,) in the aeration tank . The objective of the
strategy is to ensure that the biomass activity is sufficient to obtain the desired effluent quality.
The underlying principal of the strategy is that when rraiy is close to 1, it is assumed that
substrate removal is almost complete. In other words, rrawiy iS used as an indicator of the

effluent quality. Therefore, by controlling 17y, the effluent quality may be controlled.

The cascade control configuration used in this strategy consists of a primary or outer loop in
which 77y is controlled in the aeration tank by manipulating So. In the secondary or inner loop,
So is controlled by adjusting K;a. The So set point for the secondary loop is calculated in the
primary loop. In this way, the effluent quality may be controlled by adjusting the amount of
aeration. A diagram of the control configuration is shown in Figure 8.1.

Primary loop
disturbances
Secondary loop 1
.
“mn Jo K
Mamwny | sotpoint} Do L Process —
+ (primary) (secondary)
b controtler - cantroller
Measuring | So
device n the aeration:
tank
m, rr,
device

Figure 8.1: Cascade control of rracivity

Sekine et al. (1988) defines rracnviy as follows:



_ r';p.end
Paciviy =~
e
Eq. 8.1

where rry .0 = Specific endogenous respiration rate in the last compartment

I’y = specific respiration rate in the last compartment
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The underlying idea of this strategy is that 7,y is assumed to be a good measure of the effluent

quality and thus is controlled in the last compartment. rr,.,, occurs when the substrate

concentration at the tank outlet is negligible. rr,, at the tank outlet denotes the amount of substrate

remaining. Therefore, when 7.y is close to 1, substrate removal is assumed to be almost

complete.

The benchmark and methodology were used to evaluate this control strategy. The control strategy

was implemented in the benchmark activated sludge plant and is depicted in Figure 8.2.

/ / [ .

Batch reactor
to measure rr,,,

Figure 8.2: Plant layout used in simulation of rr,.., controller

Effluent
U Secondary
clarifier
Aention tank Aeration tank Aeration tank
Retumn Activated Sludge
. Waste
Activated
Sludge

The plant was loaded with dry weather diurnal influent. Both the rr .y and DO controllers of

the cascade configuration were implemented as digital proportional-integral (PI) controllers in the

velocity form. The rramiy in the last compartment (i.e. the 3™ tank) was controlled.”
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Sekine et al. (1988) measured rr.,; by running a batch test with sludge sampled from the last
compartment at 5 a.m., which was the time when the influent loading was at a minimum. The
batch test, ran for 4 hours, is used to generate an average rr.,~value. In this study, rr.,s was
measured by simulating a small bypass tank with an average retention time of 4 hours. Sludge
from the last compartment is continuously re-circulated through the bypass tank. The respiration
rate was continuously measured in the bypass for the r7..iy controller. With an average retention
time of 4 hours, it was assumed that the respiration rate in the bypass tank is equivalent with the
rate obtained by Sekine et al. (1988).

Simulations indicated limitations with the controller proposed by Sekine et al. (1988) because of
the complex relationship between rr,ii, and So in the aeration tank. Analysis of the open-loop
response (i.e. occurs when both the rr., and DO controllers are disabled) of r7,iviy tO a step
change in the Sp set point showed that rr..viy and So are directly related. However, this was not
the case for the close-loop response (i.e. when both controllers are turned on automatic) of the
Iaciviey CONtroller to changes in the set point. When the rr.iviry S€t point was increased from 0.5 to
0.8, the measured r7uviy actually decreased to values lower than 0.5. The reason was that when
the ruciviy S€L point was increased, the rr.qqviy controller responded by increasing the So set point.
This consequently caused rr, to increase. Since rry,..c Was essentially constant and r7uciviry iS
inversely proportional to rry, (SINCE ITuciiviy = MMepena/ IT5p), the net effect was a decrease in rrucivin.
This problem affects the stability of the process and therefore may not be a valid controller

strategy. The GPS-X macro for the rr.i»y control strategy is found in Appendix B.4.
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9 Dissolved Oxygen Control Strategy Proposed by Fujimoto et al.
(1981)

Simulations were conducted to assess the feasibility of a dissolved oxygen control strategy
proposed by Fujimoto et al. (1981). The objective of this strategy is to control the dissolved
oxygen concentration (S,) in the aeration tank by manipulating the air supply, i.e. the mass
transfer coefficient (K;a), in a feedforward control configuration. The principal of the control
strategy is that rr at the aeration tank inlet is the feedforward variable and is used as a measure of
the disturbance in the influent. rr is used to calculate the value of Kia required to bring §, to its

set point. A diagram of the control configuration is depicted in Figure 9.1.

i

Influent l U __Efﬂnmt_.'

Secondary

|§ Clarifier

Acration Tank

Recycle Activated Sludge

\Wnste

Activated
Sludge

Figure 9.1: Feedforward control scheme in the activated sludge plant

The following expression was used by Fujimoto ez al. (1981) to derive an equation for Kza:

s,

dt =KLa'(S‘o —So)—n’

Eq. 9.1
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where S”, = saturation DO concentration

It was then assumed that the Sy can be controlled at a constant value, S, .. Therefore, dS/dt = 0.

Consequently, Kza can then be expressed as a function of rr by re-writing Eq. 9.1 as follows:

r

Eq.9.2

The control strategy was implemented in the activated sludge plant described by Fujimoto er al.
(1981) which consisted of an aeration tank and a secondary settler. The ASM No.1 (Henze er al.,
1987) and the double exponential settler model (Takécs et al., 1991) were employed in the
simulations. It was not necessary to use the benchmark and methodology to evaluate the control
strategy because preliminary simulations with the replicate plant were sufficient to make
conclusions on the feasibility of the strategy. The influent flow and pollutant concentrations had

sinusoidal variations. rr was measured continuously in the aeration tank.

The simulations pointed to a number of problems with the control strategy proposed by Fujimoto
et al. (1981). The first problem results from the fact that an interaction existed between K;a, the
manipulated variable, and rr, the measured disturbance. This makes the controller potentially
unstable, depending on the initial conditions. Marlin (1995) states that for a feedforward
controller, the feedforward variable, in this case rr, must not be influenced by the manipulated
variable. The instability caused by the interaction between the manipulated and disturbance
variables was evident in the simulations when an initial low value for K;a was used. The low K;a
caused rr to decrease to small values. This in turn caused K;a to decrease rapidly to zero when it
was subsequently computed from the new rr values. Therefore, in principle, the controller

proposed by Fujimoto et al. (1981) is not a valid feedforward control configuration.

Another problem in simulating this strategy was that the control system essentially consists of

two equations and two unknowns as follows:

Controller: Kia = f(rr)

Process or process model: rr = g (Ka)
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Again, this system is potentially unstable because convergence depends on the equations
themselves and the initial condition (i.e., the initial value of rr). Marlin (1995) states that
feedforward control should not affect the stability of the process. These problems lead to the
conclusion that the configuration proposed by Fujimoto et al. (1981) is not a suitable controller

design.
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10 Discussion and Conclusions

Many respirometry-based control strategies have been proposed in the literature but few have
been rigorously tested or verified through simulation, and fewer have ever been implemented in a
large-scale activated sludge plant. Furthermore, many of the control proposals are theoretical and
do not provide adequate details on process implementation. Therefore, the objective of this study

was to develop a simulation-based benchmark and methodology for testing control strategies.

Since many of the control strategies were proposed for completely different plant configurations,

influent characteristics, process operations, etc., the benchmark and methodology developed in

this study have shown to be useful testing tools because they provide a complete and consistent

set of process conditions for conducting simulation studies. The benchmark and methodology

include:

« well-accepted process models for the activated sludge process and secondary clarification
process;

« acomplete set of realistic influent data for both dry and wet weather conditions;

« values for the model parameters;

« initial values for the state variables;

+ astandard activated sludge plant designed for the set of influent conditions.

« asix-step strategy for systematically implementing a control strategy in the benchmark plant;
and

« aset of tests for determining the feasibility of a control strategy.

Most importantly, the methodology has shown to be useful in distinguishing the potentially good

strategies from the strategies that will potentially fail.

Four respirometry-based control strategies from the literature were evaluated in this study. The
first strategy was proposed by Stephenson et al. (1981) and involves manipulating the sludge
wastage flow rate from the secondary clarifier to maintain the endogenous respiration rate of the
sludge in the last compartment at a set point value. The objective of this control strategy was to
maintain an adequate active biomass concentration to achieve the necessary treatment. The PI
control algorithm was used to implement the control strategy. In this strategy, high organic

loadings caused the respiration rate to increase, which resulted in the controller wasting more
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sludge. Conversely, during low loading conditions the respiration rate was low so that the

controller wasted less sludge.

The respiration rate control strategy (Stephenson et al., 1981) did not show any substantial
benefits over uncontrolled operations during normal diurnal influent conditions. Simulations
showed that the response of the respiration rate in the last compartment to changes in the wastage
rate was slow. This resulted in the controller performing poorly under diurnal influent conditions
in that it was not able to maintain the set point and dampen disturbances from the influent.
Additionally, the controller did not show any substantial improvement over uncontrolled
operations in terms of reducing soluble substrate concentrations from the effluent or daily energy
costs. Another potential problem with this strategy is that large and frequent changes in the sludge
wastage rate could disturb the settling process in the clarifier. The control strategy did however
show real benefits when the plant experienced a 50 per cent increase in both influent flow and
pollutant concentrations in that it was able to substantially reduce effluent COD and suspended
solids concentrations over uncontrolled operations. The controller was also able to reduce daily
energy costs during this time. Thus, this strategy seems potentially feasible and useful during

stress loading conditions.

The second strategy that was evaluated was one proposed by Stephenson et al. (1983). This
strategy involves controlling the specific respiration rate in the last compartment by adjusting the
step feed rates. The objectives of the strategy are to regulate the active biomass concentration as
well as to control the diurnal and stress loadings on a plant. Two control algorithms were used to
implement the strategy. The 2-tank PI algorithm distributed the influent between the first and
third compartments. The split range algorithm distributed the influent amongst all three
compartments. Simulations showed that both controllers failed to show any benefits in terms of
reduction in effluent concentrations and daily energy costs over uncontrolled operations during
both diurnal influent and stress loading conditions. The control scheme caused problems with the
effluent quality because the controller would increase the feed rate to the third compartment to
bring the specific respiration rate to its set point. This resulted in higher substrate concentrations
in the effluent over uncontrolled operations because there was less treatment time with the
wastewater coming into the third compartment. Another problem with the strategy was that an
interaction existed between the specific respiration rate controller and the DO controller in the
third compartment. This problem was minimised by de-tuning the DO controller in the third

compartment. Both controllers did however reduce variations in the effluent concentrations. Even
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though this control scheme did not improve the effluent quality or reduce daily energy costs over
uncontrolled operations, it does show potential in reducing fluctuations in the plant. Therefore,
this control strategy should be further investigated with more advanced control algorithms.

The simulations of the control strategies by Stephenson er al. (1981) and Stephenson et al. (1983)
have shown that controller performance is greatly affected by the high-frequency variations in the
influent flow and pollutant concentrations coming into an activated sludge plant. Due to the
influent disturbances and multi-variable interactions. implementing respirometry-based control

strategies with digital PI control designs provides inadequate control.

The third control strategy evaluated was by Sekine ef al. (1988). In this strategy the respiration
rate activity (= rry,..q/ 17y) is controlled to a set point in a cascade control configuration. The
primary loop is used to control r7..iy by manipulating So in the aeration tank. By controlling
ITuciiviee, the effluent quality may be maintained since rTaciviy is assumed to be a measure of the
effluent quality. The secondary loop uses the Sy value calculated in the primary loop as a set
point for controlling Sy in the aeration tank. K;a is manipulated in the secondary loop to maintain
the Sp set point. Simulations showed that the controller proposed by Sekine er al. (1988) was
unstable because 6f the complex interactions between the rr,viry controller, Sp and rr,,. The value
of rr..virv cOuld never be stable because So is adjusted accordingly to bring rracivin to the set point.
However in adjusting the value of So, the value of rr,, is also changed. When rry,, changes, the
value of rr..vi consequently changes. These findings lead to the conclusion that the control

strategy will potentially fail.

The fourth strategy was proposed by Fujimoto et al. (1981). This strategy involves controlling the
DO in a feedforward configuration by manipulating K;a. The respiration rate at the aeration tank
inlet is the feedforward variable and is used as a measure of the disturbance in the influent. The
main problem found with this control strategy was that the interaction between the manipulated
variable, K;a, and the feedforward variable, the respiration rate at the tank inlet, caused the

controller to become unstable. This problem shows that the control strategy is not feasible.

The purpose of this study was not to compare the relative performance of the different control
strategies. However, if a comparison were to be made based on the application of the

methodology, the control strategy proposed by Stephenson et al. (1981) showed to be the most
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feasible because the controller was able reduce both the effluent COD concentration and the daily

energy costs during stress loading conditions.
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11 Recommendations

The simulation-based benchmark and methodology developed in this study was designed to test

respirometry-based control strategies and be used as a tool to distinguish the potentially feasible

control strategies from the ones that will potentially fail. A more comprehensive evaluation of the

control strategies may be achieved by extending the methodology as follows:

Include more quantitative measures of performance to enable comparisons of different
control strategies. One example is to include the costs associated with operating a wastewater
treatment plant.

Expand the plant layout, which currently consists of three CSTRs in series followed by a
circular secondary settler, to include equalization basins, combined sewer overflows, primary
clarifiers, etc.

Use other activated sludge systems, such as a carbon and nutrient removal plant, to test the
control strategies.

Incorporate noise into the measured variables to provide a more realistic control environment.
Use the first three tests outlined in the methodology as acceptance test cases. They include:

1) agood causal relationship between the controlled variable and the manipulated variable;
2) the controller satisfies stability analysis criteria; and

3) the controller is able to meet set point changes quickly and with little offset.

During this series of testing. use a digital PID control algorithm. If the controller passes the
acceptance tests, evaluate the controller’s performance under diurnal influent conditions. If
the controller is unable to attenuate the influent disturbances, implement the strategy with
more advance control algorithms. Then perform a stability analysis of the new control design

and test the controller under diurnal and stress loading conditions.
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APPENDIX A: Simulation-Based Methodology

A.1 IAWQ ASM1 (Henze et al., 1987) Composite Variables

A.1.1 COD and Suspended Solids Composite Variables

The COD and suspended solids composite variables involve both the state variables of the [AWQ
ASMI1 (Henze et al., 1987) and stoichiometric fractions. Since all the state variables are in units
of g COD m™, the COD composite variables are simply a sum of the state variables. The soluble
COD (SCOD) is a sum of the S; and S, while the particulate COD (XCODj is a sum of Xy, Xz,
Xga, Xp and X;. The SCOD and XCOD make up the total COD. (Hydromantis, 1996).

The suspended solids composite variable is calculated from XCOD by dividing the XCOD:VSS
ratio (icv), which changes the units of XCOD to g VSS m™, resulting in the composite volatile
suspended solids (VSS). To calculate the suspended solids composite variable (X), the VSS is
divided by the VSS:TSS (total suspended solids) ratio (ivt) (Hydromantis, 1996). The COD and
suspended solids composite variables and their relationship to the state variables are shown in

Figure A.1.



BOD

i

fbod
BOD,

X \
™~ XBCOD ——| Xon [~

190

NN

s, | —— SCOD

COD

/

\ ¥ /v XCOD
BA

/ TSS
/ vt

X, / vss

X [

LN

SBCOD = soluble biodegradable COD
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Figure A.1: COD and suspended solids compeosite variables and their relationship to the
state variables

A.1.2 Nitrogen Composite Variables

The soluble (STKN) is the sum of Syy and Syp. TKN is the sum of STKN and Xyp. The total

nitrogen is the sum of TKN and Sy,. Note that inorganic nitrogen is not considered (Hydromantis,

1996). The nitrogen composite variables are shown in Figure A.2.
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Figure A.2: Nitrogen composite variables and their relationship to the state variables
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A.2 Constant Influent

Average values for the flow rate, soluble concentration particulate concentrations of the dynamic

influent data were used as estimates for the constant influent data. They are listed as follows:

Influent flow rate:

3

—_ m
=20,000—

0 d

Influent soluble concentrations:

5, =805
m

T 8
m

S :35_g_3_

5, =305
m

Influent particulate concentrations:

COD =55-<22 2 200-1.33 = 266 -5

SS m
¢ =0.1+0.15- 0=0ua) _ 40,15 20000-10000
% -0 30000— L0000

- X, =0.175- pCOD =46.55-5
m

X o =0.1-266 =26.6-5-
m

fr, =0.725=1-0175-0.1

~ X, =192.85-5
m

X =105
m



A.3 Initial values for state variables

A.3.1 Carbon removal system with nitrification
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Initial conditions for the opetaiion of the aeration tanks are presented in Table A.l. Initial

conditions for the settler are presented in Table A.2

Table A.1: Initial values for the state variables in the three aeration tanks

Tank 1 Tank 2 Tank 3
S (g COD m™) 30 30 30
Ss  (gCODm?  1.70284 0.834966  0.652598
X, (gCODmY)  1453.27 1453.26 1453.26
Xs (eCODm?Y 83437 56.042 43.2142
Xy (2CODm?)  3034.28 3034.66 3024.89
Xpw (gCODm”)  221.524 222.043 221.824
Xy (gCODm?Y)  739.052 743.042 747.022
Svo (@CODm?  34.8752 38.9222 40.0165
Swir  (@CODm?) 335264 0.288316  0.0825584
Sw (@CODm? L1771 0.690476  0.557398
Xw (@CODm?®) 517189 4.03687 3.34499
K () 323.578 120.071 68.3828

Table A.2: Initial values for the settler state variables

State Variable

Concentration (g COD m™)

S
Ss
Sno
Sne

Sno

Suspended solids:

Layer 1

30
0.652598
40.0165
0.0825585
0.55739

30.853
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State Variable Concentration (g COD m™)
Layer?2 58.8579

Layer3 148.276

Layer 4 745.798

Layer 5 745.798

Layer 6 745.798

Layer 7 3627.16

Layer 8 5429.49

Layer 9 6682.3

Layer 10 8111.59

A.3.2 Carbon and nitrogen removal system

Initial conditions for the operation of the aeration tanks are presented in Table A.3. Initial

conditions for the settler are presented in Table A.4.

Table A.3: Initial values for the state variables in the aeration tanks

Tank | Tank 2 Tank 3
St (CODm™ 30 30 30 ]
Ss (gCODm™  1.53354  1.18937 1.00779
X; (eCODm? 134251 134251 1342.5

Xs (@CODm? 854197 67.1563 58.9304
Xgy (2CODm?)  2441.88 244822 2445.65
Xga (2CODm?Y) 195452  196.478 196.792
Xy (@CODm?®  758.074  759.394 761.15
Svo (€CODm™)  11.204 16.1114 17.8849
Swve  (2CODm?  6.8989 2.16854 0.516989
Swo (@CODm? 0908318 0.871439  0.788404
Xy (CODm?®) 583949  4.74999 434178
Kia (dY 0.0 241.011 104.89
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Table A.4:Initial values for the settler state variables

State Variable Concentration (g
COD m™)
Si 30
Ss 1.00779
Sno 17.8849
Snu 0.51699
Suspended solids:
Layer 1 294078
Layer 2 55.8011
Layer 3 136.944
Layer 4 652.445
Layer 5 652.445
Layer 6 652.445
Layer 7 652.445
Layer 8 1492.55
Layer 9 ) 484341

Layer 10 7089.9
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A.4 Initial Design of the ASP

The initial stages of designing a standard activated sludge plant involved assuming values for:

the average influent flow,

influent biodegradable COD concentration,

number of aeration tanks,

total hydraulic retention time in all three aeration tanks,
mean cell residence time or sludge age,

MLSS concentration,

recycle ratio,

overtlow rate, surface area and depth of the settler.

The following discussion outlines the general, initial design of the C-removal, C-removal and

nitrification, and C- and N-removal systems.

A4.1 Carbon removal system

The average influent flow and hydraulic retention time were used to estimate the volumes of the

three aeration tanks as follows:

BOD< = bCOD (biodegradable COD)
= 300gm?
Qg = average flow
= 20,000 m*d™*
hydraulic retention time in the three CSTRs = 8h
Total volume of the 3 tanks:
Vier = hydraulic retention time in the three
CSTRS X Qay,
= 8h/24x20000 m3d"

= 6500 m®
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The biomass loading rate was calculated based on the assumption that the MLSS concentration is
4 kg MLSS m3:
biomass loading rate = (bCOD X Q) / (X X Vi)
= (300 g COD m™ x 20000 m? d™') / (4 kg
MLSS m™ x 6500 m3 x 1000)
= 0.231 kg COD/kg MLSS.d

From the biomass loading rate, the volumetric loading rate is calculated as follows:
volumetric loading rate = biomass loading rate x X

= 0.923 kg COD m> d*!

Values for the biomass and volumetric loading rates show that the design of the carbon removal

plant is reasonable.

The DO concentration in each of the three aeration tanks is maintained at 2 g m” with digital PI

controllers.

The settler was designed to operate with an overflow velocity of 1 m h!, therefore it has a surface
area of 800 m’. An average depth of 3 m and a recycle ratio of 1 were chosen. This results in a
hydraulic retention time of 1.6 hours. The feed point is taken at 1.95 m from the bottom of the

settler.

To avoid nitrification the mean cell residence time was limited to 4 days. As a result, the mass of

sludge wasted per day is:

mass of sludge wasted perday = X.x 0,
= Vx X/SRT
= (Viee X Xioe + h X A X (X0 + X,.10))/SRT
= (6500 x 4000 + 0.3 x 800 x (5000 +
10000))/4
= 7,400,000 g 0!
= 7400 kg d*
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where
h = height of 1 layer in the settler (10 layers in total)
A = surface area of the settler
Xin = sludge concentration in layer n of the settler, only the sludge in the 2 lower
layers was considered
(estimated concentrations)
X = X0
= sludge concentration in the underflow of the settler
= 10000 g m”

Therefore, the sludge wastage rate is:
Q. =740 m’d"
A.4.2 Carbon removal system with nitrification

To obtain complete nitrification the mean cell residence time was estimated to be 15 days. As a

result, the mass of sludge wasted per day for this system is:

X.x0Q.,

= (Viee X Xior + h XA X(X, 9 + X,.10))/SRT

= (6500 x 4000 + 0.3 x 800 x (5000 + 10000))/15
= 1,973.333 gd”

= 1973 kg d*

dailv mass of sludge wasted

X, = 10000 g m™

Therefore, the rate of sludge wasting is:
g, = 197 m*d?!
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A.4.3 Carbon and nitrogen removal system

In this design, the first tank is anoxic and used for denitrification. The remaining two tanks are
modeled for carbon removal and nitrification. There are two recycle streams: 1) solids from the
settler are recycled to the first tank, and 2) an internal recycle of the nitrate-rich mixed liquor
from the third tank to the first tank. The DO concentrations in the last two tanks are maintained at

2 g m” with PI controllers.

BOD< =bCOD
=300gm?

Qavg = 20,000 m3 d.l

hydraulic retention time in the CSTRs =12h

Total volume of the 3 tanks:

Vi = hydraulic retention time in the CSTRs X Q,y,
=12 h/ 24 x 20000 m3d™*
= 10000 m’

Again, the biomass loading rate is based on a MLSS value of 4 kg m™:
biomass loading rate =(bCOD X Qug) /(X X Vier)
= (300 g COD m” x 20000 m3 d™") / (4 kg MLSS
m” x 10000 m3 x 1000)
=0.150 kg COD/kg MLSS.d

The resulting volumetric loading is then calculated as follows:
volumetric loading rate = biomass loading rate x X

=0.6 kg COD ™ d*

The total mean cell residence time was set to 15 days, therefore the mass of sludge wasted per
day is:
mass of sludge wasted =X, X0,

= (10000x4000+0.3x800x(5000+10000))/15
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=2,906,667 g d*
=2907 kg d”*

X, = 10000 g m”

The resulting wastage rate is:
Q. = 291 m’d*

The design of the settler is identical to that of the carbon removal plant.



A.5 Final designs for the activated sludge systems

A.5.1 Carbon removal system with nitrification
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Nitrification was nearly complete with a sludge age of 15 days. Q, was changed to 250 m3 d’
because X,, = 6500 g COD m™,

First approximation of the initial values for the state variables used in the operation of the

aeration tanks and the second settler are presented in Tables A.5 and A.6, respectively.

Table A.5: Approximate initial values for the state variables

State Variable Tank | Tank 2 Tank 3
S (g COD m”) 30 30 30

S, (g COD m*) 10 5 2

X (g COD m™) 1400 1400 1400
X, (g COD m™) 100 80 40
Xan (g COD m™) 2900 2900 2900
Xpa (g COD m™) 200 200 200
Swo (@Ccobm™ 30 33 33

Swu (g COD m™) 5

Swp (g COD m™) 0

Xvp (g COD m™) 0

Kia ) 230 150 90




Table A.6: Approximate initial values of the state variables in the settler

State Variable Concentration (g COD m™)
Si 30
Ss 1
Snvo 33
Snu

Snp

Suspended solids:

Layer 1 | 20
Layer 2 100
Layer 3 200
Layer 4 900
Layer 5 900
Layer 6 900
Layer 7 900
Layer 8 2000
Layer 9 4000
Layer 10 6500
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The DO-controllers maintained the DO concentration in each of the three compartments at 2 g m™

with the following values for the PI control parameters:

Compartments | and 2:

Compartment 3:

A.5.2 Carbon and nitrogen removal system

K.
T;
K.
T;

30
0.05d
20
0.05d

The total volume was reduced to 8000 m’ to maintain a reasonable sludge concentration in the

system. Additionally, Q,, was reduced to 270 m’ d'*.

First approximation of the initial values for the state variables used for the aeration tanks and the

secondary settler are presented in Tables A.7 and A.8, respectively.



Table A.7: Approximate initial values for state variables
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State Variable Tank 1 Tank 2 Tank 3
St (gCODm™) 30 30 30
S, (gCODm?) 10 5 2

X; (gCODm™ 1800 1800 1800
X, (gCODm® 250 230 210
Xeo (gCODm™) 3000 3000 3000
Xaa (gCODm?) 200 200 200
Sno (gCODm? 10 12 12
Snu (gcODm® 9 2

Snp (gCODm®) 0 0

Xno (g COD m?) 0

Ka (@ 0 250 100

Table A.8: Approximate initial values of the state variables in the settler

State Variable Concentration (g
COD m™)

St 30

S, |

Sno 12

SNH

Snp

Suspended solids:

Layer | 20

Layer 2 100

Layer 3 200

Layer 4 900

Layer 5 900

Layer 6 900

Layer 7 900

Layer 8 900

Layer9 900

Layer 10 5000
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The DO-controllers maintained the DO concentration in the second and third compartments at 2 g

m" with the following values for the PI control parameters:

Compartment 2: K. = 30
T; = 0.05d
Compartment 3: K. = 20

0.05d

T,
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APPENDIX B: GPS-X Macros

B.1 Macro for the On-Off Respiration Controller

[ kkkkkkhkkhkhkhhkkhhkkhkhkrkrthkhhhkhkrhhkhkhkhkrhkhkhkhkhhkhkrhkhkhkhhkhkkrkhkkhhhkhkhkrhkxhkikdkk

| PUT HERE USER DEFINED MACROS
iThis section is for definitions, it will be executed

tonly during loading of the program

tThis macro calculates settling parameters based on SVI and

CLARIF

macro settlingcorrelation(o)
vmax&o=bound(50.0,2000.0,ccl+cc2*svi&o +CcCc3*svi&ko* *2)
rhin&o=bound(l.e-5,1.e-2,ccd+ccS5*svi&o +CCE*sVi&o**2)
rflo&o=bound(l.e-5,1.e-2,cc7+cc8*clarifso+cc9*clarif&o**2)

macro end

!****************************************************************

macro userinitialsection

I INITIAL SECTION

IMacros called here will be executed in the initial section

!Don’t put macro definitions here

schedule wason .at. wasstart/24.0

schedule wasoff .at. wasend/24.0

maéro end
!****************************************************************
macro userderivativesection

|DERIVATIVE SECTION

tMacros called here will be executed in the derivative section

tDon’t put macro definitions here

IThis belongs to the on-off controller
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hilimour=our§etpoint
lolimour=oursetpoint-0.01
procedural
if (gwas.le.minflow.and.oldgwas.gt.minflow) then
wastime=t*24.0-iwastime
endif
oldgwas=gwas

end

tcalculate fine on effluent quality as a measure of control

performance

chodeff = sseff+sieff+xseff+xieff+xbheff+xbaeff !COD in effluent

bodSeff = 0.65*(sseff+xseff+(1-0.08)*(xbheff+xbaeff)) !'BOD5 in
effluent
solids = (1/1.33)*(xseff+xieff+xbheff+xbaeff) !suspended solids

in effluent

n snheff+sndeff+xndeff+snoeff !'nitrogen in effluent

P 5 tphosphorous in effluent
norganic = {(gconww*1000/180)*(0.35*s0l1ids/500+0.45*&
(2*bodSeff+chodeff) /1350)*(0.4+0.6*(365/225))

nnutrients = {(gconww*365/10000) * (n+p)

finee77 = ((25)*(l*norganic+l*nnutrients)) /365 !effluent quality
fine ECU/4

finebef77 = ((1600)*(l*norganic+l*nnutrients))/365 !fine in BEF/d
finena77 = ((45.45) *(1l*norganic+l*nnutrients)) /365 tfine in
cdns$/d

klatot = klatl+klat2+klat3d !/d

airflow = ((klatot/24)+0.11)/0.0018 !m3/h

mairflow = 1.225*airflow 'kg/h

oxyflow = 0.2*mairflow 'kg/h

oxypower = oxyflow/aireff !kw

3 !'cost of electricity in Belgium BEF/kwh

befcost
cdncost = 0.08 !cost of electricity in Can $/kwh
aircostbef = oxypower*24*befcost IBEF/d
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aircostna = oxypower*24*cdncost !cdns$/d
costtotalbef = finebef77 + aircostbef !BEF/d
costtotalna = finena77 + aircostna !cdn$/d
sourtl = 1.33*ourtl/ (xbhtl+xbatl) !g 02/h/g MLSS
1.33*ourt2/ (xbht2+xbat2) !g 02/h/g MLSS
1.33*ourt3/ (xbht3+xbat3) !g 02/h/g MLSS

iseo = integ(({ourt3-setpourt3)**2,0.0)

sourt2

sourt3

iaeo = integ(abs(ocurt3-setpourt3), 0.0)

lises integ( (sourt3-setpsourt3)**2,0.0)

tiaes integ(abs(sourt3-setpsourt3), 0.0)

macro end

EE AL EA SRS AR SRS SR LRSS R LRl t Rl st E R sEZ2 X2 X2 RX R RR X R K3

macro userdynamicsection

IDYNAMIC AND DISCRETE SECTIONS

IMacros called here will be executed in the dynamic section.
t{discretes plus code to be executed every communication
interval)

Don’t put macro definitions here

discrete wason
ctrlour=.true.
iwastime=t*24.0

schedule wason .at. t+1.0

end

discrete wasoff
ctrlour=.false.
gconwas=0.0

schedule wasoff .at. t+1.0

end

macro end

[ *kkkhkhkhhhkhkhhhrthkhkhhkhkhkhkhkhkhkhkhkhkhkhkhrkkkhkrhkhkhkhkhkhhkhkhkhthkhrchkhrkkhhhkrrhrkhhkhtk
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macro userterminalsection
| TERMINAL SECTION
tMacros called here will be executed in the terminal section

IDon’t put macro definitions here

macro end

|hkkhkkhkhhkkhkkhkkhkhkhkkhkhkkhkhkhkkrkhkhkhkkhkhkkhkhkhkhhkhkhkkhkhkhkhkhkkhkhkkhkhkrhkhkkkhkkkhkkx
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B.2 Macro for the Respiration Rate Control Strategy with the Sludge Wastage Rate
(Stephenson et al., 1981)

kXK RXXKAAERAkRKRKAXk kXA hkhhkhkkhkkhkhkkhkhkkhkhkhhkhkhkhkkkhkkhkhkkhkkikk

| PUT HERE USER DEFINED MACROS
IThis section is for definitions, it will be executed

lonly during loading of the program

I'This macro calculates settling parameters based on SVI and

CLARIF

macro settlingcorrelation(o)
vmax&o=bound(50.0,2000.0,ccl+cc2*svi&o +CC3*svi&o**2)
rhin&o=bound(l.e-5,1.e-2,ccd+cc5*svi&o +CCE*sViko**2)
rflo&o=bound(l.e-5,1l.e-2,cc7+cc8*clarif&o+cc9*clarifg&o**2)

macro end

!****************************************************************

macro userinitialsection

IINITIAL SECTION

tMacros called here will be executed in the initial section

tDon’'t put macro definitions here

macro end

IEEA A S S E S SRS R R REEELSSEER SRS ESRRRESEEASSSSERR TR R SRR RIS R R R R R XSRS R RN

macro userderivativesection
IDERIVATIVE SECTION

IMacros called here will be executed in the derivative section

'Don’'t put macro definitions here

lcalculate fine on effluent quality as a measure of control

performance

chodeff = sseff+sieff+xseff+xieff+xbheff+xbaeff iCOD in effluent
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bodSeff = 0.65*(sseff+xseff+(1-0.08) *(xbheff+xbaeff)) I!BODS in
effluent
solids = (1/1.33)*(xseff+xieff+xbheff+xbaeff) !suspended solids

in effluent

n
b
norganic = (qgqconww*1000/180) *(0.35*s01ids/500+0.45%&
(2*bod5eff+chodeff) /1350)*(0.4+0.6*(365/225))

nnutrients = (gqconww*365/10000)* (n+p)

snheff+sndeff+xndeff+snoeff !'nitrogen in effluent

5 ‘phosphorous in effluent

finee77 = ((25)*(l*norganic+l*nnutrients)) /365 !effluent quality
fine ECU/d

finebef77 = ((1000)* (l*norganic+l*nnutrients)) /365 !fine in BEF/d
finena77 =  ((45.45)*(l*norganic+l*nnutrients)) /365 tfine in
cdn$/d

klatot = klatl+klat2+klat3d !/d

airflow = ((klatot/24)+0.11)/0.0018 !m3/h

mairflow = 1.225*airflow tkg/h

oxyflow = 0.2*mairflow !kg/h

oxypower = oxyflow/aireff !kw

befcost = 3 !cost of electricity in Belgium BEF/kwh
cdncost = 0.08 l!cost of electricity in Can $/kwh
aircostbef = oxypower*24*befcost !BEF/d

aircostna = oxypower*24*cdncost !cdns$/d
costtotalbef = finebef77 + aircostbef !BEF/d

costtotalna = finena77 + aircostna !cdns/da

sourtl = 1.33*ourtl/(xbhtl+xbatl) !g 02/h/g MLSS
sourt2 = 1.33*ourt2/ (xbht2+xbat2) !g 02/h/g MLSS
sourt3 = 1.33*ourt3/(xbht3+xbat3) !g 02/h/g MLSS

iseo = integ((ourt3-setpourt3)**2,0.0)
iaeo = integ(abs (ourt3-setpourt3), 0.0)
tises = integ((sourt3-setpsourt3)**2,0.0)
liaes = integ(abs(sourt3-setpsourt3), 0.0)

powercosttl = powertl*24*eprice !$/d

powercostt2 powert2*24*eprice !$/d

powercostt3 powert3*24*eprice '$/d
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totalpowercost = powercosttl+powercostt2+powercosttl !$/d

macro end

| kkkkhkhkkhkhkkhkhkhkhkhkhkhkhkhkhkkkkkhkhkhkhkhkhkhkkhkhkkhkkkhkhkhkhhkrhkhkhkkhkhkhkhkkkkkhkikkkkkdkk

macro userdynamicsection

I DYNAMIC AND DISCRETE SECTIONS

IMacros called here will be executed in the dynamic section.

| (discretes plus code to be executed every communication
interval)

!Don’'t put macro definitions here

macro end

| *kkkkhkhkkkhkhkkhkkkhkhkkhhkkhkhkkhkkhkhhkhkhkhkhhkkhhkhkhkkhhkkkkkxkk

macro userterminalsection
I TERMINAL SECTION
IMacros called here will be executed in the terminal section

IDon’t put macro definitions here

macro end

EEEZEEEE S S ESESESSSSR SRS LR ERREES SRR RR SRR RS R R EE]
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B.3 Macros for the Specific Respiration Rate Control Strategy with Step Feeding
(Stephenson et al., 1981)

B.3.1 Macro for the 2-Tank PI Controller

Xk khkhkhkkkhkhkkhkhkhkhkkhkrkkhkkkhkhkkkkhkkkhkhhkhkkhkhkhkhkkhkkkkkhkkhkkrrkhkkhkhkhkhkhhkk

| PUT HERE USER DEFINED MACROS
IThis section is for definitions, it will be executed

lonly during loading of the program

iThis macro calculates settling parameters based on SVI and
CLARIF
macro settlingcorrelation(o)
vmax&o=bound (50.0,2000.0,ccl+cc2*svigo +CC3*svi&ko**2)
rhin&o=bound(l.e-5,1.e-2,ccd+cc5*svi&o +CC6*sVi&ko**2)
rflo&o=bound(l.e-5,1.e-2,cc7+cc8*clarif&o+cc9*clarif&o**2)
macro end
[***************************************************************-k
macro userinitialsection
! INITIAL SECTION
iMacros called here will be executed in the initial section

iDon’'t put macro definitions here

macro end
l.**‘k*************************************************************
macro userderivativesection

IDERIVATIVE SECTION

IMacros called here will be executed in the derivative section

IDon’t put macro definitions here

I Calculate split fraction based on desired flow to tank 3
if (ctrlsourt3l .eq. .false.) then

frinftog23 = 0.0

if (split23 .eq. 1) then
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frinftog23 = bound(0.0, 1.0, flowtotank3/qginf)

endif
else

flowtk3 = flowtotank3

frinftoqg23 = bound{(0.0, 1.0, flowtk3/qginf)
endif

lcalculate fine on effluent quality as a measure of control

performance

chodeff = sseff+sieff+xseff+xieff4xbheff+xbaeff ICOD in effluent

bodS5eff = 0.65* (sseff+xseff+(1-0.08)*(xbheff+xbaeff)) !BODS in
effluent
solids = (1/1.33)*(xseff+xieff+xbheff+xbaeff} !suspended solids

in effluent

n snheff+sndeff+xndeff+snoeff !nitrogen in effluent

p = S5 !phosphorous in effluent
norganic = (gconww*1000/180)*(0.35*s01ids/500+0.45*&
(2*bodSeff+chodeff) /1350)*(0.4+0.6*(365/225))

nnutrients = (gconww*365/10000)* (n+p)

finee77 = ((25)*(l*norganic+l*nnutrients))/365 teffluent quality
fine ECU/d

finebef77 = ((1000)*(l*norganic+l*nnutrients)) /365 !fine in BEF/d
finena77 =  ((45.45)*(l*norganic+l*nnutrients))/365 !fine in
cdns$/d

klatot = klatl+klat2+klat3 i{/d

airflow = ((klatot/24)+0.11)/0.0018 'm3/h

mairflow = 1.225*airflow !kg/h

oxyflow = 0.2*mairflow !kg/h

oxypower = oxyflow/aireff !kw

3 lcost of electricity in Belgium BEF/kwh
0.08 !cost of electricity in Can $/kwh

befcost
cdncost

aircostbef = oxypower*24*befcost !BEF/d
aircostna = oxypower*24*cdncost !cdns$/d
costtotalbef = finebef77 + aircostbef !BEF/d
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costtotalna = finena77 + aircostna !cdn$/d

sourtl = 1.33*ourtl/(xbhtl+xbatl) !g 02/h/g MLSS
sourt2 = 1.33*ourt2/(xbht2+xbat2) !g 02/h/g MLSS
sourt3d = 1.33*ourt3/ (xbht3+xbat3) !g 02/h/g MLSS

iseo = integ((ourt3-setpourt3)**2,0.0)
iaeo = integ(abs(ourt3-setpourt3), 0.0)
ises = integ((sourt3-setpsourt3)**2,0.0)
iaes = integ(abs (sourt3-setpsourt3), 0.0)

powercosttl = powertl*24*eprice !$/d4

powercostt2 powert2*24*eprice !$/d
powercostt3 = powert3*24*eprice !$/d
totalpowercost = powercosttl+powercostt2+powercosttld !'$/d

macro end

[kkhkkkhkhkkrkkhhkhkhkkhkhkhkhkhhkhkdhkhkhkhkhkhkhkhkhkhkhkhkkkhkhkkhkkkhkokkhkhhkhhhkkkkkkkkik

macro userdynamicsection

IDYNAMIC AND DISCRETE SECTIONS

tMacros called here will be executed in the dynamic section.

i (discretes plus code to be executed every communication
interval)

IDon’t put macro definitions here

macro end
!****************************************************************
macrc userterminalsection

ITERMINAL SECTION

IMacros called here will be executed in the terminal section

iDon’'t put macro definitions here

macro end

jhkkkkhhkhkhkhkhkhkhkhkkkhhkhkhhkhkhkhkhkhkhkhhkhkhhkhkkhkhhhkkkhkkhkhkkhkkkhkhhkhhhkhhkhkkkhkkkx
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B.3.2 Macro for the Split Range Controller

| kkkkkhkkhkhkhkhkkkhkhkhkhkhkhkhkkkhkhkkhkkkhkkkhkhkhkhkkhkkkkhkhkhkhkkkkhkkhkhkkhkhkkhkhkkkkkhkx

! PUT HERE USER DEFINED MACROS
IThis section is for definitions, it will be executed

lonly during loading of the program

tThis macro calculates settling parameters based on SVI and
CLARIF

macro settlingcorrelation(o)
vmax&o=bound (50.0,2000.0,ccl+cc2*svi&o +cc3*sviko**2)
rhin&o=bound(l.e-5,1.e-2,cc4+ccS5*svi&o +Ccc6*svigo**2)
rflo&o=bound(l.e-5,1.e-2,¢cc7+cc8*clarif&o+cc9*clarifeo**2)
macro end
!****************************************************************
macro userinitialsection
I INITIAL SECTION
tMacros called here will be executed in the initial section

tDon’t put macro definitions here

macro end
!****************************************************************
macro userderivativesection

'DERIVATIVE SECTION

iMacros called here will be executed in the derivative section
1Don’'t put macro definitions here

! Calculate split fraction based on desired flow to tank 3
if (ctrlsourt23 .eqg. .false. .and. ctrlsourt3 .eq. .false.) then
frinftotk23 = 0.0
frtk23totk3 = 0.0
if (split23 .eqg. 1) then
frinftock23 = bound(0.0, 1.0, flowtotank23/ginf)
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frtk23totk3 = bound (0.0, 1.0,
flowtotank3/ (frinftotk23*qinf) )
endif
else
IWhen the split fraction to tank 3 (i.e. frinftotk23) is less
than 0.50,
tcontroller sourt23 is turned on automatic (i.e. set to true).
During
tthis time, the influent is fed to only tanks 1 and 3.
ctrlsourt23= .true.
ctrlsourt3d = .false.
flowtk23 = flowtotank23
frinfrotk23 = bound(0.0, 1.0, flowtk23/ginf)
IWhen the split fraction to tank 3 exceeds 0.50, the influent is
fed to
tcanks 1, 2, and 3.
if (frinftotk23 .ge. maxsplit23) then
ctrlsourt23 = ,false.
ctrlsourt3 = .true.
flowtotankmax3 = qtk23
flowtk3 = flowtotank3
if (ginf .le. minflow) then
qtk23 = minflow
else
agtk23 = frinftotk23*qginf
endif
frtk23totk3 = bound(0.0, 1.0, flowtk3/qtk23)
else
Istop flow to tank 2 and feed to tanks 1 and 3 and re-initialize
value
lof flowtotank3.
frtk23totk3 = 1.0
flowtk3 = initflowtotank3
endif

endif
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lcalculate fine on effluent quality as a measure of control

performance

chodeff = sseff+sieff+xseff+xieff+xbheff+xbaeff !COD in effluent
bod5eff = 0.65*(sseff+xseff+(1-0.08)*(xbheff+xbaeff)) !BOD5 in
effluent

solids = (1/1.33)*(xseff+xieff+xbheff+xbaeff}) !suspended solids
in effluent

n

snheff+sndeff+xndeff+snoeff !nitrogen in effluent

p 5 !phosphorous in effluent
norganic = (gconww*1000/180)*(0.35*solids/500+0.45*&
(2*bodSeff+chodeff) /1350)*(0.4+0.6*(365/225))

nnutrients = (gconww*365/10000)* (n+p)

finee77 = ((25)*(l*norganic+l*nnutrients))/365 !'effluent quality
fine ECU/d

finebef77 = ((1000) *{(l*norganic+l*nnutrients)) /365 ifine in BEF/d
finena77 = {(45.45) *(1*norganic+l*nnutrients)) /365 tfine in
cdns/d

klatot = klatl+klat2+klat3 !/d

airflow = ((klatot/24)+0.11)/0.0018 !m3/h

mairflow = 1.225*airflow !'kg/h
oxyflow = 0.2*mairflow 'kg/h
oxypower = oxyflow/aireff !kw

befcost 3 lcost of electricity in Belgium BEF/kwh
cdncost = 0.08 !cost of electricity in Can $/kwh
aircostbef = oxypower*24*befcost !BEF/d

aircostna = oxypower*24*cdncost !cdn$/d
costtotalbef = finebef77 + aircostbef !BEF/d
costtotalna = finena77 + aircostna !'cdn$/d

sourtl = 1.33*ourtl/({xbhtl+xbatl) !g 02/h/g MLSS
sourt2 = 1.33*ourt2/{(xbht2+xbat2) !g 02/h/g MLSS
sourt3 = 1.33*ourt3/ (xbht3+xbat3) !g 02/h/g MLSS
sourt23 = 1.33*ourt3/(xbht3+xbat3) !g 02/h/g MLSS

iseo = integ({ourt3-setpourt3)**2,0.0)
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iaeo integ(abs (ourt3-setpourt3), 0.0)

ises integ((sourt3-setpsourt3)**2,0.0)

integ(abs{sourt3-setpsourt3), 0.0)

iaes
powertl*24*eprice !s/d4

powercosttl

powercostt2 powert2*24*eprice !$/d

powert3*24*eprice !$/d

powercostt3
totalpowercost = powercosttl+powercostt2+powercostt3 !$/d

macro end

(BREEE S SRS SRS R LSS LSS R LSRR RSSsS SRS SRSl El iR R AR R R RS R X R

macro userdynamicsection

!DYNAMIC AND DISCRETE SECTIONS

IMacros called here will be executed in the dynamic section.

! {discretes plus code to be executed every communication
interval)

tDon’'t put macro definitions here

macro end
!****************************************************************
macro userterminalsection

| TERMINAL SECTION

iMacros called here will be executed in the terminal section

tDon’t put macro definitions here

macro end

lkkkkhkhkhkhkhkhkhkhkhkrkhkdhkkXXhk Xk KkhkhkhkkhkhkhkhkkkkAkrkkrxhkhrkkhkrrhkhhkrhkhkhrkrhkrkkx
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B.4 Macro for Respiration Rate Activity Control Strategy (Sekine, 1988)

{hkhkhkkhkkhkkkkkhkkhkhkkkkkhkhkhkhkhkhkkkhhkkhkhkkhkrhhhhkhkkkhkhkhkhkhkkhkhkhkhkrrerthrhkhkikhikd

| PUT HERE USER DEFINED MACROS
1This section is for definitions, it will be executed

lonly during loading of the program

IThis macro calculates settling parameters based on SVI and
CLARIF )
macro settlingcorrelation(o)
vmax&o=bound (50.0,2000.0,ccl+cc2*svi&o +CC3*svi&o**2)
rhin&o=bound(l.e-5,1.e-2,ccd+cc5*svi&o +CCE*SVi&o**2)
rflo&o=bound(l.e-5,1.e-2,cc7+ccB*clarif&o+cc9*clarifso**2)
macro end
!**‘k*************'k***********************************************
macro userinitialsection
IINITIAL SECTION
IMacros called here will be executed in the initial section

IDon’t put macro definitions here

macro end
!**********************************t*****************************
macro userderivativesection

IDERIVATIVE SECTION

IMacros called here will be executed in the derivative section

!Don’'t put macro definitions here

tcalculate fine on effluent quality as a measure of control

performance

chodeff = sseff+sieff+xseff+xieff+xbheff+xbaeff !COD in effluent
bod5eff = 0.65*(sseff+xseff+(1-0.08)*(xbheff+xbaeff)) IBOD5 in
effluent
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solids = (1}1.33)*(xseff+xieff+xbheff+xbaeff) tsuspended solids
in effluent

n = snheff+sndeff+xndeff+snoeff !nitrogen in effluent

p = 5 !'phosphorous in effluent

norganic = {(gconww*1000/180)*(0.35*s01ids/500+0.45%&
(2*bod5eff+chodeff) /1350) *(0.4+0.6*(365/225))

nnutrients = (gconww*365/10000)* (n+p)

finee77 = ((25)*(l*norganic+l*nnutrients)) /365 !effluent quality
fine ECU/4

finebef77 = ({(1000)*(l*norganic+l*nnutrients)) /365 !fine in BEF/d
finena77 = ((45.45)*(l*norganic#l*nnutrients))/365 lfine in
cdn$/d

klatot = klatl+klat2+klat3 !/d

airflow = ((klatot/24)+0.11)/0.0018 !m3/h
mairflow = 1.225*airflow !‘kg/h

oxyflow = 0.2*mairflow 'kg/h

oxypower = oxyflow/aireff !kw

befcost = 3 !cost of electricity in Belgium BEF/kwh
cdncost = 0.08 !cost of electricity in Can $/kwh
aircostbef = oxypower*24*befcost !BEF/d
alrcostna = oxypower*24*cdncost !cdns$/d
costtotalbef = finebef77 + aircostbef !BEF/d
costtotalna = finena77 + aircostna !cdns$/d
1.33*ourtl/ (xbhtl+xbat2) !g 02/h/g MLSS
sourt2 1.33*ourt2/ (xbht2+xbat2) 'g 02/h/g MLSS
sourt3 = 1.33*ourt3/(xbht3+xbat3) !'g 02/h/g MLSS

sourtl

liseo = integ((ourt3-setpourt3)**2,0.0)

liaeo = integ(abs{ourt3-setpourt3), 0.0)

lises = integ((sourt3-setpsourt3}**2,0.0)

liaes = integ(abs(sourt3-setpsourt3), 0.0)

seour = 1l.33*ourresp/(xbhresp+xbaresp) !g 02/h/g MLSS

rractivity = seour/(sourt3+padbyz)

iserr integ({rractivity-setprractivity)**2,0.0)

iaerr integ(abs{rractivity-setprractivity), 0.0)

powercosttl = powertl*24*eprice !$/d
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powercostt2 powert2*24*eprice 1$/d

powercostt3 powert3*24*eprice !$/4

totalpowercost = powercosttl+powercostt2+powercosttl !$/d4

!Reset DO set point in tank 3 when the rractivity controller is
off
if (ctrlrractivity .eq. .false.) then

setpsot3 = 2.0

endif

macro end

IS AE RS LS LR EARERE SRRl d S S sEEE e Y R R AR R ]

macro userdynamicsection

!DYNAMIC AND DISCRETE SECTIONS

!Macros called here will be executed in the dynamic section.

! (discretes plus code ¢to be executed every communication
interval)

!Don’'t put macro definitions here

macro end

RASEE SRR RS SRR RS SS SRR R R R LR E R R R R R R R R R g R I R g X ]

macro userterminalsection
ITERMINAL SECTION
IMacros called here will be executed in the terminal section

!IDon't put macro definitions here

macro end
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